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PREAMBLE
The purpose of this report is to provide tools and text which may help in the understanding
of the physical systems in the MIA which affect irrigation sustainability. It is believed that
there has been un-finished business in this regard which the undersigned, now retired, still
can make a contribution to. It is his desire in his retirement to perhaps leave a legacy in that
regard for the next generation(s).
The issue of irrigation sustainability may not only be of interest to the water distributing
company “Murrumbidgee Irrigation”, but also to others, such as the irrigation community of
the MIA, universities, students, or scientists interested in learning about groundwater
systems such as described, and alternative ways of analysing such systems.
It is acknowledged that groundwater, water use, and bore log data from “Murrumbidgee
Irrigation Limited” have been used to develop various models. The undersigned has a
special data agreement with this company which allowed him to carry out analysis on behalf
of Murrumbidgee Irrigation for specified contractual projects. He is not allowed to share
this data with third parties; it is believed however that the report meets this restriction
which Murrumbidgee Irrigation has imposed and to which he has agreed.
The undersigned is keen that its content be scrutinised, reviewed and discussed. Perhaps it
can contribute to improved methods of evaluating sustainability issues into the future.
This report is produced by the undersigned using his initiative and effort. As such copy-right
of the report and the supporting computer models belong to him. Unauthorised copying of
whole or part of the report without the author’s permission is deemed unlawful.
The report consists of five parts commencing with a conceptual framework. Parts 2, 3 and 4
describe three models developed over time. These may be used separately, but in key
aspects they link together. Together they allow the examination of groundwater behaviour
based on the irrigation groundwater balance, the spatial distribution of stratigraphy of the
MIA, and trends in soil salinity viewed from a paddock scale placed in a specific hydro-zone.
Part 5 examines some key sustainability issues such as the effect of rice growing and land
capability.
It has not been possible in the past to bring all these features together into one large overarching model. The use of three models presented here provides an alternative to such
limitation.

Ary van der Lely
Ary1941@outlook.com
September 2013
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SUMMARY / MAIN CONCLUSIONS

1.

2.

3.

4.

5.

6.

7.

8.

There is a long history of problems associated with (over-)irrigation in the MIA. Research
efforts to overcome or mitigate issues with waterlogging an salinity began in 1931.
Gradually a much better understanding of the many contributing factors and their
interactions was achieved.
Large scale models to assess and predict the consequences of various land use options and
their management have been mostly unsuccessful, due to complexity of interactions, size of
the region, and inadequate data input, particularly stratigraphical information.
The current availability of more detailed digitised stratigraphical information allowed the
preparation of an integrated three model approach to answer sustainability questions.
These are a stratigraphical model for the regional scale, a groundwater balance and water
table behaviour model for the smaler “hydro-zone” scale and a soil salinity model for the
paddock scale. These three models are complementary to each other but are used
independently.
The Stratigraphical model allows the mapping of the variation of features in the landscape
such as hydraulic conductivity of layers of stratigraphy to 30 metres depth, and the vertical
resistance to flow between these layers. This helps with the interpretation of the degree of
leakage between these layers and the lateral flow which occurs through the various aquifers
in the other two models.
The groundwater balance and water table behaviour model uses historical information of
water level behaviour and matches it with land use data, irrigation volumes, rice areas,
weather data and the stratigraphical data to produce a groundwater balance for six months
periods Each factor in the groundwater balance is estimated. The effect of rainfall relative
to irrigation effects or proportion of land under rice is simulated with impressive accuracy.
From the information the water table effect due to changed conditions, such as rice areas or
droughts could be estimated with considerable confidence.
The Soil Salinity Model, operating on a paddock scale but taking into consideration the water
table behaviour of adjacent fields (locality), assesses soil salinity trend due to crop
sequences, soil characteristics, weather effects, management, etc, over a fifteen year period.
Each contributing factor may be varied to assess its consequence on the soil salinity trend.
The output is displayed graphically. Examples are discussed and show that the trends found
are very plausible relative to field experience.
Since 2001 the irrigation intensity, sometimes called “hydraulic loading” of the landscape,
has reduced in the M.I.A due to drought and water transfers out of the area. Consequently
the water tables have dropped and the hazard of salting processes reduced relative to
earlier times. Nevertheless, the information and knowledge gained from the earlier
experience should be preserved for posterity.
The Stratigraphical model may be used to evaluate the desirability or otherwise of growing
crops such as rice in conjunction with other crops in various parts of the MIA. A number of
possible ways to examine this question have been produced and are discussed. The
preliminary conclusion is that there is indeed a variation across the landscape in that regard.
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IRRIGATION IMPACT ANALYSIS REPORT
PART 1: CONCEPTUAL FRAMEWORK
CONTENTS:
INTRODUCTION
HISTORY OF RESEARCH ON SUSTAINABILITY IN THE MIA
SALINITY RISK ASPECTS
MODELLING EFFORTS
CURRENT PROPOSED MODELLING FRAMEWORK
INTRODUCTION
This report is about a conceptual framework for modelling of the MIA groundwater system and what
it means in terms of irrigation sustainability. This matter has occupied the minds of many over
many years and unfortunately, modelling has not yet produced much to help with sustainability
questions, so there is an on-going need for improvement.
Basically, the decision of whether an irrigation area is sustainable from a groundwater and salinity
perspective depends on a complete understanding of the processes that are taking place together
with a risk assessment as to consequences of certain actions. These decisions may vary between
different parts of the area and between different land uses and irrigation methods. Experience and
the building up of a suitable big picture is an important factor in this decision making. It is a team
effort as no single person can know everything of all factors.
Modelling can assist provided the masses of data needed for such models is adequate in every
respect, and for every part of an irrigation area if a spatial distribution of outputs is desired. There
have been some successes on a small scale but regarding the big picture and a full overview and
spatial distribution of key factors and findings there have been mostly failings. This prompted the
approach of this report which includes aspects of spatial distribution, but also the use of averages of
groundwater behaviour for defined hydro-zones and one-dimensional, paddock scale assessment of
soil salinity.
There will be no claim that the model framework presented is ideal and no claim it might be the last
effort. However, perhaps this may be the best effort so far. All strengths and weaknesses will be
discussed to allow knowledgeable readers to decide the balance of merit deserved, now or into the
future.
It is worthwhile recalling some of the history of work on irrigation sustainability as an introduction to
the current proposed framework.

HISTORY OF RESEARCH ON SUSTAINABILITY IN THE MIA
The definition of irrigation sustainability within the context of varying land uses has long occupied
the minds of those involved. When the MIA was first developed for irrigation after 1912 it did not
5
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take long before groundwater levels came up from their original position at about 20 metres from
the surface to depths where water-logging and some initial soil salinity symptoms became apparent.
The then Water Conservation and Irrigation Commission, who managed the irrigation areas, set up a
Research Branch after the very wet conditions of 1931. It started to examine the factors which
caused the undesirable effects, mostly in horticultural farms. Of these over-irrigation no doubt was
a key factor, but the wet winter conditions of for instance 1931, 1939 and 1956 very much
exacerbated the damage to plantings and crops.
The WC&IC Research Branch and the CSIRO separately and together during the 1940’s and 1950’s
came up with analysis of the problem and solutions. Relationships between the health of plantings
and depth to groundwater were investigated. Irrigation techniques were improved. Tile drainage in
horticultural farms became a key technique by which the MIA horticultural industry was saved from
ruin and could continue to thrive productively. A drilling program to examine stratigraphy was
commenced. Soil surveys were carried out and soil physical factors were investigated and
quantified.

Figure 1: Map of the MIA with locality names used in this report.

During the 1960’s and 1970’s, when rice growing started to expand into old and newly developed
sections of large area farm land of the MIA and Coleambally, and watertable levels rose even more
rapidly, the attention was turned to land suitability criteria for rice. Groundwater level behaviour
6
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was analysed. Rice growing restrictions were introduced, albeit initially without much of a scientific
basis. Definitions of land suitability for rice based on soil types and presence of heavy and medium
clay were developed in the 1970s. Analytical modelling efforts were made about 1980 to
understand and quantify the movement of groundwater from rice fields to adjacent land and
beyond. This allowed the development of a policy of rotational management systems for rice with
other crops by the 1990s. Finally all this culminated in the development of a Land and Water
Management Plan (LWMP), completed in 2000.
During 1940 drilling commenced in the Yanco area to examine stratigraphical conditions. The
geology of the MIA was written up in 1960 (Pels). The geo-morphology of surface features was
considered (e.g. Butler). During the 1980s the various geological sequences were named, the
Renmark Formation being the oldest on top of the bedrock at 20-150 metres depth. This is overlain
by the Calivil Formation which is of Paleogene origin and up to 100 million years old. It is close to
the surface in the north of the MIA and Lake Wyangan but about 60 metres deep to the south of the
MIA. The Shepparton Formation is the youngest and involves stream deposition from the eastern
highlands. In the MIA even near the surface it is still at least 100,000 years old, as there are no
younger “prior streams” as in Coleambally. Around Griffith the Shepparton Formation deposits are
capped by wind-born calcareous deposits derived from the Australian Bight area, up to a couple of
metres in depth and mixed with stream deposits.
The drilling activity was supported by the installation of piezometers at various depths into the sand
deposits of the Shepparton Formation. A program of groundwater level reading began. In some
newly developed areas such as the Kooba sub-division groundwater levels rose within 10 years from
15-20 metres below the surface to less than 2 metres. Rice growing was found to be the main
culprit, but soil salinity never became a major issue, except that many depressions became affected
by water-logging and salinity and most of its Black Box eucalyptus trees died. By the late 1980s
some 2,000 piezometers were used but this was then rationalised to about 800. Most piezometers
were installed to 10 to 16 metres depth but some extended to 30 metres and more. Data logs of
about 6,000 bores were compiled in books, showing depth, texture, colour, a comment and the
location sketch map.
In the 1980s the then Department of Water Resources augmented the information with several 100120 metres deep bores into the Calivil Formation. Private landholders who installed groundwater
production bores also yielded information.

SALINITY RISK ASPECTS
Salinity never became a major issue in the MIA but high groundwater levels and salting of some land
in depressed areas, along supply channels, and some land types together with high groundwater
salinity in some aquifers situations continued to focus the mind on this potential threat. Was it
going to creep up into the average level landscape? Some areas seemed to be more affected than
others. It was found that deep leakage from shallow to deeper aquifers was a major factor
controlling (reducing) the threat. To the north of the MIA deep leakage is very small if not zero and
that is where higher soil salinity was found during a sequence of soil salinity surveys in the late
1990s.
7
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Overall, it was recognised salting processes may be micro scale, as with furrow irrigation or next to
channels, or with the movement of salt to “puff” locations in a landscape with gilgai complexes, it
may be field scale as with groundwater flow from rice fields to adjacent land, it may be local scale
such as to depressions and creek lines, or it may be district scale, with the overall east west gradient
of about 0.4m/km through aquifer systems. The latter does not seem to cause salting within the
MIA as almost everywhere there are downwards gradients from shallow to deeper aquifers, but this
process may convey saline groundwater to areas outside the MIA. The majority of salting was found
to be associated with the micro, field and local scale. Where the local and district scale processes
are not found, probably due to a lack of water conveying strata (aquifers), micro and field scale
processes may still cause a problem which needs to be addressed.

MODELLING EFFORTS
The above developed prior to any efforts to interpret systems using grid based numerical modelling.
Modelling efforts commenced with analytical models for tile drainage, followed by similar models to
simulate the groundwater flow from rice fields to adjacent land. The latter, with analysis of
groundwater behaviour assisted with the formulation of a policy for rice growing management
systems. A first numerical model by the CSIRO (Prathapar) for a 5,000 ha area south west of
Hanwood about 1992 tended to support the conclusions reached regarding rice environmental
management in high groundwater areas. If more than 25% of the landscape is used for rice
growing, the areas between rice fields become inadequate to effectively dissipate the volume of rice
percolation. Meyer during the late 1980s and 1990s developed the SWAGMAN suite of models
(Destiny, Farm). These were one-dimensional and helped with the understanding of factors involved
but were mostly educational rather than being useful in an operational sense.
During 2003 Dr. Shahbaz Khan of the CSIRO, Griffith developed a numerical model based on
MODFLOW. Recharge and discharge factors to groundwater were modelled using that software. By
that time a G.I.S. was being used by Murrumbidgee Irrigation (MI), the management authority of the
MIA and there was a strong belief in the need for and preference for having spatially distributed
parameter models which could be linked in within the G.I.S. and provide answers to key questions
spatially. Water use data, crop area data, weather data, groundwater level data and other crop/soil
parameters should be combined to predict the effect of LWMP options on groundwater levels and
salting processes. As part of a large and expensive effort Shahbaz (2003) in his report claims to have
digitised the thousands of bore logs to help set up the conceptual stratigraphical conditions of a
three layer MODFLOW model. The final report showed quite large but unfortunately not credible
effects of reductions in channel seepage or rice growing on groundwater levels. Salinity impacts
due to regional groundwater flow were shown to be significant. It was obvious that further
improvement to the model were required, particularly the calibration seemed to not have achieved
its goal. The aspect of spatial distribution of recharge and discharge needed more attention.
Following the 2003 report Murrumbidgee Irrigation Ltd. (MIL) contracted the CSIRO to improve the
MODFLOW based groundwater model by focussing on the land and water use factors which cause
recharge and discharge processes to and from the groundwater system. These processes were
developed as a separate model which then for each node had to be interlinked with the
8
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groundwater model. Satellite data were used to determine crop distributions and quantify evapotranspiration. Actual water use data and crop data were used. This project ran from 2006 to 2011
and aimed at addressing a few key questions related to sustainable irrigation management, including
the definition of “hydro-zones” with special requirements or issues. Review meetings were held at
various stages of the project. Unfortunately, despite a huge effort by 2011 it was concluded that it
was not worthwhile to go to the next and final phase of the project. Major deficiencies identified
were:









The linkage of the DESTINY FARM based recharge/discharge model with the MODFLOW
groundwater model became too complicated. Even though quite reasonable averages for
recharge were obtained for the MIA as a whole, there were doubts about the spatial
distribution.
The assumptions regarding the physical groundwater system including distributions of
transmissivity, hydraulic conductivities etc were doubted to be in line with the actual
situation. There had been extrapolation of groundwater levels into significant parts of the
MIA where no shallow aquifer piezometer data are available due to lack of aquifers.
There was an underlying assumption that soil salinity and depth to shallow groundwater are
closely correlated, whilst there is plenty of evidence this assumption may be challenged.
Various data such as soil type distribution was obviously crude out of necessity as much of
the MIA has not been soil mapped. Within the major soil associations across the MIA key
soil parameters were assumed to be uniform.
The potential to use the model, once completed, for the interpretation of LWMP issues or
addressing emerging issues with land and irrigation water management appeared limited if
not negligible.

This was a huge set-back to the ambitions of MIL to have a model which could help them with
management of current and emerging issues such as water purchases by the federal government for
the river environment (meaning less availability for the irrigation community with an irrigation
system with a large proportion of fixed costs), and increasing hostility in the cities towards irrigation
of rice.

CURRENT PROPOSED MODELLING FRAMEWORK
The author of this report was part of the review and has had 43 years of experience with
groundwater management in the MIA. He knew personally almost all the key people who were
involved with research on sustainability issues prior to and since 1969. He applied and further
developed some of the analytical models related to tile drainage in horticulture and flow from rice
fields to adjacent land. He produced a numerical groundwater model for groundwater flow from
evaporation areas to adjacent lands in the Wakool region as part of a court case, and it prevailed.
After a work trip to Xin-Jiang province in China during 1999 he started the development of a soil
salinity model which incorporates all factors involved at a paddock scale. It does not rely on the
assumption of a correlation between watertable levels and soil salinity. He also was involved in the
drilling program of bores in the MIA, and developed a big picture sense of the stratigraphical
conditions throughout just by having been there and examining many bore logs over a long period.
9
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In addition, as part of the annual groundwater reporting of conditions in the MIA he developed a
methodology to simulate average groundwater level behaviour from the various water balance
factors.
Following the ceasing of the CSIRO modelling efforts in 2011, after questioning it was discovered
that in fact not all available bore logs were used for setting the physical parameters for the
MODFLOW models referred to, but only a smallish proportion. A good many bores of the Mirrool
and Benerembah area were digitised, but this effort was in vain as there had been a failure to
provide these bores with coordinates for the groundwater model. For the Leeton area even less
work was done, presumably as time or resources became short in supply at the time and short-cuts
were deemed necessary. Both the 2003 and the 2006-2011 CSIRO models suffered this shortcoming
(1). Consequently, the models relied on interpolation and extrapolation of stratigraphical conditions
with very limited bore data even though the data exists. The consequence proved to be costly.
As a good spatial distributed knowledge of factors such as upper and lower Shepparton Formation
resistance to vertical flow and transmissivity is essential for the success of any interpretation of land
use questions spatially, the author decided to commit himself to the further digitisation of the bores
and the finding of coordinates for each site. That work was completed in 2012.
With over 4,000 bores for about 160,000 hectares of the MIA and the assignment of a hydraulic
conductivity to each texture class it is feasible to construct a fairly accurate model showing either
resistance to vertical flow in restricting layers (C) or transmissivity (T) in each nominated layer to 30
metres. This model may be called the “Stratigraphical Model”. The mapped pattern of
transmissivity and resistance to vertical flow allows the identification of higher and lower
permeability regions. Hydro-zones showing reasonable consistency of these factors may be
nominated and examined individually for groundwater behaviour. This information may lead to a
reasonable interpretation of irrigation suitability for a number of enterprises such as rice growing.
In summary, three models for the investigation of sustainability issues related to groundwater in the
MIA may now be recognised, these being:
1. A stratigraphical model (SM), operating on a regional scale
2. A groundwater balance and behaviour model (GBBM), operating on a hydro-zone scale
3. A land use soil salinity model (LUSSM), operating on a paddock scale
The three models may be used independently from each other, but there are complementary
linkages which facilitate their use. The Stratigraphical Model provides hydro-geological information
to the other two models. A schematic diagram below (Figure 2) shows how these three models
interact, what data they require and what outputs may be expected. The three models are
explained and discussed in Parts 2, 3, and 4 of this report.

1

The lack of digitisation of bore data that was actually available may be cited as one of the main
disappointments of the MIL / CSIRO modelling project. The lesson is that you cannot over-simplify a critical
factor of an essentially complex system for a model.

10

Private Research Report

FRAMEWORK OF MODELS TO ANALYSE GROUNDWATER CONDITIONS AND EFFECTS IN THE MIA

DATA
RAINFALL AND EVAPORATION
IRRIGATION REGIMES

MODELS

OUTPUTS

RAINFALL RECHARGE MODEL
Rainfall Recharge Landuses

GROUND WATER LEVELS
WATER USE OF LAND USES

HYDRO-ZONE WIDE
GROUNDWATER BALANCE AND
BEHAVIOUR MODEL
Deep Leakage

BORE PROFILE LOGS
ASSUMED HYDRAULIC CONDUCTIVITY
OF SOIL TEXTURES DATA

REGIONAL
STRATIGRAPHICAL
MODEL
Transmissivity

RAINFALL AND EVAPORATION
SOIL TYPE SPECIFIC DATA
LOCAL GROUNDWATER LEVELS
CROP SEQUENCE DATA 15 YEARS
CROP COEFFICIENTS
IRRIGATION REGIME
OTHER (SUB-SURFACE DRAINAGE ETC.

and Resistance
to vertical flow

PADOOCK SCALE
LAND USE AND SOIL SALINITY
MODEL

-

SIMULATED GROUNDWATER LEVELS
PREDICTION CAPACITY OF GROUNDWATER LEVELS
ESTIMATED HYDRO-ZONE GROUNDWATER BALANCE
RELATIVE EFFECTS OF:
RAINFALL
IRRIGATION AND
RICE GROWING

SPATIAL REGIONAL DISTRIBUTION OF:
+ RESISTANCE TO VERTICAL FLOW THROUGH LAYER
+ TRANSMISSIVITY OF LAYER
(for layers 0-6, 6-9, 9-13.5, 13.5-18, 18-22.5, 22.5-30 metres)
UNDERSTANDING OF PHYSICS OF GROUNDWATER SYSTEM

PADDOCK SCALE 15 YEAR SCENARIO TREND ASSESSMENT OF:
- SOIL SALINITY
- WATER TABLE BEHAVIOUR
- WATER BALANCE FACTORS
- EFFECT VARIATION OF KEY FACTORS ON THE ABOVE, e.g.
WATER TABLE ADJACENT FIELD
TRANSMISSIVITY (T)
RESISTANCE VERTICAL FLOW TOP LAYER (c)
DEEP LEAKAGE
CROP SEQUENCES

Ary van der Lely, June 2012

Figure 2: Overview of the three models for irrigation impact analysis and their linkages
Note: The recharge model is part of the groundwater balance and behaviour model

Part 5 is a discussion on land use sustainability, to what extent irrigation impacts may have an
impact or not on the groundwater system and soil salinity given the conditions which exist. It is
recognised that irrigation may be feasible in most lands of the MIA, but that there are variable risks
dependent on location and what irrigation land use or water application method is adopted. The
information and outputs from the three above models may be used to delineate various categories
of land capability (sustainability). Example outputs of a few alternative approaches are included.
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IRRIGATION IMPACT ANALYSIS REPORT
PART 2: STRATIGRAPHICAL MODEL OF THE MIA

CONTENTS
INTRODUCTION
CONCEPTS AND METHOD
SUMMARY OF HYDRO-GEOLOGICAL CONDITIONS
APPLICATIONS
DISCUSSION
APPENDIX 1: MIA Drilling Program Details
APPENDIX 2: Stratigraphical Maps

INTRODUCTION
Following the 2001 to 2009 drought rice once again is becoming a dominant crop in the Riverine
Plains of NSW, however there is increased growing of crops such as cotton or permanent plantings
such as grapes and almonds. Water sales to environmental uses have changed the way land use
rotations are adopted. Irrigation sustainability is still a relevant topic but the approach may need
modification. But, how can this be done, and what are the best approaches, if any exist at all?
The author has worked 44 years in the Riverine Plain of S.E. Australia on irrigation sustainability
issues, especially those related to rice environmental issues, salinity, groundwater, and other land
and water management subjects. Over the last twelve years he has developed a set of three models
which together allow an integrated addressing of a large range of issues related to irrigation
sustainability, namely:
1. Stratigraphical Model of the MIA
2. Groundwater Balance and Behaviour Model (GBBM), and,
3. Land Use Soil Salinity Model (LUSSM)
Part 2 is about the Stratigraphical Model and its potential contribution to an understanding of
irrigation sustainability questions. Old information is now finally digitised and available. Thousands
of bores have been drilled over almost 50 years resulting in a quite high density spatially distributed
pattern of known stratigraphy. This data has been re-worked to produce mapped hydro-geological
features of vertical and horizontal permeability throughout the MIA. The patterns may be
interpreted to provide useful information about the suitability or otherwise of specific land use
adaptations in rotation with rice or as an alternative. The information may also be used as an input
to the other two models of this set.
The GBBM (see Part 3) produces very close predictions of average groundwater level behaviour over
a sub-district or the MIA as a whole and very plausibly estimates the water balance recharge and
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discharge factors to the groundwater systems (2). It uses inputs of hydro-geological, climatic data,
irrigation use, and crop data. The LUSSM (Part 4) predicts soil salinity trends for a field for fifteen
years of crop sequences, and climatic, soil and hydro-geological factors known for the vicinity (3).

CONCEPTS AND METHOD
The history of drilling operations, how data were recorded, and other background information may
be found at Appendix 1. In summary, about 6,000 holes were drilled over about 160,000 ha to
depths varying from 6 to 35 metres with most in the 9 to 25 metres range. Data were compiled in
drilling log books showing depth, field texture, colour, comment and a sketch map to show location.
All work was funded by the NSW Government, but the data is now in custody of Murrumbidgee
Irrigation Ltd (MI).
The author, with permission of MI digitised the not yet coded bore information and determined
locations using Google Maps. This allowed the preparation of spreadsheets showing for every foot
(before 1973) or half metre (after 1973) the logged texture class. These spreadsheets may be
transferred to a G.I.S. for display of the information in the form of a coloured bore log.
Table 1: Field textures and hydraulic conductivity values adopted for stratigraphical model
DESCRIPTION
k m/day
BROWN COAL
0.100
CLAY
0.020
CEMENTED CLAY LOAM
0.050
CEMENTED LOAM
0.100
CEMENTED SANDY CLAY
0.100
CEMENTED SANDY CLAY
0.020
CLAY LOAM
0.150
CLAYEY COARSE SAND
1.000
CLAYEY FINE SAND
0.300
CLAYEY GRAVEL
2.000
CLAYEY SAND
0.500
COARSE SAND
15.000
CLAYEY SAND AND GRAVEL
20.000
DIRTY COARSE SAND
5.000
DIRTY COARSE SAND AND GRAVEL 5.000
DIRTY FINE SAND
1.500
DIRTY SAND
2.000
DIRTY SAND AND GRAVEL
3.000
FINE SAND
2.000
FINE SANDY CLAY
0.100
FINE SANDY CLAY LOAM
0.300
FINE SAND AND GRAVEL
5.000
FINE SANDY LOAM
0.400
FINESANDY MEDIUM CLAY
0.020

DESCRIPTION
GRAVEL
GRIT
GRAVELLY CLAY
GRAVELLY SAND
GRAVELLY LOAM
HEAVY CLAY
LOAM
LIGHT CLAY
LOAMY SAND
MEDIUM CLAY
PIPE CLAY
ROCK, STONE OR SIMILAR
SAND
SANDY CLAY
SANDY CLAY LOAM
SAND AND GRAVEL
SANDY HEAVY CLAY
SILTY CLAY
SILTY HEAVY CLAY
SILTY MEDIUM CLAY
SANDY LOAM
SANDY MEDIUM CLAY
SANDY PIPE CLAY

k m/day
20.000
2.000
0.100
6.000
0.300
0.003
0.300
0.030
0.500
0.006
0.001
0.001
8.000
0.030
0.200
10.000
0.006
0.100
0.010
0.020
0.300
0.010
0.005

Every texture class may be assigned a hydraulic conductivity, for instance heavy clay (>60% clay)
have a value of as little as 2 or 3 mm/day and sand may be as more than 8 m/day. Therefore the
texture classes for every foot or half metre depth interval may be converted to a spreadsheet of
2
3

A. Van der Lely (2012): “Groundwater Balance and behaviour Model”. Unpublished report
A. Van der Lely (2012): “Land Use Soil Salinity Model” Unpublished Report
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associated hydraulic conductivity. It was assumed that this conductivity was the same horizontally
and vertically. The hydraulic conductivity values adopted are shown at Table 1.
To produce the stratigraphical model, larger depth intervals to 3, 6, 9, 13.5, 18, 22.5 and 30 metres
were used. In the Mirrool and Benerembah areas groundwater monitoring found that the layers
above about 13.5 metres usually had groundwater behaviour different from the deeper layers 13.5
to 30 metres (4). There is potential “deep leakage” to the Pleistocene and older Calivil Formation in
which pressure levels are generally lower. From the surface downwards, each subsequent aquifer
may contribute to horizontal flow and leakage to the next deeper layer. Confining clay layers
between layers of higher permeability occur, similar to a semi-confined aquifer situation. This
varies across the MIA. Consequently, it is useful to examine as many layers as practicable over the
whole area if the information exists.
The horizontal “transmissivity” and “vertical resistance to flow” for each layer can be calculated, as
follows:
Transmissivity (T): For each foot or 0.5 metres layer over the interval (e.g. 9 to 13.5m) add up the
product of hydraulic conductivity (k, as m/day) and 0.3 or 0.5. Transmissivity is expressed as m2/day.
Vertical Resistance (C): Darcy’s Law for flux q (m/day) is (simplified):
q = k . dH/dL

(1),

in which H is Head (m) and dL is length/thickness. Equation (1) may be rewritten as q = dH / C , in
which C = dL / k. It may be noticed that a lower “k” will give a higher value for “C”, hence the
word “resistance”. The value of “C” for a layer (e.g. 0 to 9 metres) is determined by multiplying
each foot or half metre thickness (0.3 or 0.5) by the respective value of 1/k, hence (for foot thick
layers):
c = 0.3 x (1/k1 + 1/k2 + 1/k3 + etc---)

(2)

Having determined the values for T and C for all bore profiles to their respective depths of drilling, it
is then possible to produce maps for each depth interval decided upon from the available data.
Almost all bores penetrate to 6 or 9 metres depth, but with increasing depth the number of bores
available for mapping becomes less. It was found that a reasonable number was still available for
depths to 13.5, 18 and even 22.5 metres, but the especially in the Yanco area the number of bores to
30 metres is limiting. This needs to be kept in mind when interpreting the results. Table 2 shows
how many bores contributed to the gridding for mapping purposes.
The mapping was carried out by gridding the data to a 100 metres grid over the whole of the MIA.
This density was considered correct as in some areas bores are distanced by only about 30 to 100
metres. The gridding was carried out using inverse distance to the power 3 in SURFER. Kriging may
produce nicer looking maps with fewer “bulls eyes”, but it is known that variability between drilling

4

In the Yanco area the groundwater pressure difference between shallower and deeper layers was less or not
significant. This aspect will be considered in the discussion.
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sites may be large and interpolation therefore based on a principle that regresses back to a mean for
the local area in between data points seemed to be more cautious (5).
Table 2: Number of bores for the Mirrool/Benerembah area and the Yanco I.A contributing to
gridding for mapping purposes.
Depth to
Mirrool /
Yanco I.A.
Total (*1)
(m)
Benerembah
6
2235
1978
4213
13.5
1815
1741
3556
18
1086
1036
2122
22.5
704
668
1373
30
525
143
668
(*1: The bores in the overlapping area of the Kooba sub-division are duplicated in these numbers- see maps of
Appendix 2)

For the Mirrool/Benerembah area and the Yanco Irrigation Area the maps were prepared separately
to allow more resolution of the displayed maps. A full sequence of 24 maps is shown at Appendix 3
with a description of the local conditions pertaining to its hydro-geology. A summary of the
stratigraphical conditions is provided in the next section.

SUMMARY OF STRATIGRAPHICAL CONDITIONS
The surface materials to 3 and 6 metres of most of the MIA are mostly clayey, but somewhat lighter
textured materials exist in the various horticultural areas, sloping land and at Lake Wyangan, but
also in large areas farm land north of Yenda (colluvial influence), from Koonadan towards the west,
and at Warrawidgee.
Most of the large area farm areas have a significant restriction to vertical downward flow when
considering layers to 6 or 9 metres depth, but in many areas these restrictions by themselves appear
not sufficient to prevent accessions under ponded conditions. For instance, a resistance to vertical
flow of C = 800 days to six metres depth would allow 7.5 mm/day percolation under a unit gradient,
too much for a rice field. Further discussion about this may be found under the rice environmental
management heading.
The layers below 18 metres in the Yanco I.A are characterised by a large and wide sandy stream
system from the south east traversing via Yanco through the horticultural areas towards Kooba.
Only the Koonadan areas, areas close to and north of Murrami, and the area west of Gogeldrie south
of the railway line do not have these sands at that depth as clay predominates. This system comes
into the Kooba area from the east and continues into Benerembah. However, to the north of the
Mirrool and Benerembah areas there are no sandy deposits between 18 and 22.5 metres, and there
is a large restriction for leakage to even deeper sands at 23 to 30 metres. The latter are actually
quite widespread.

5

Due to the large spatial variation kriging actually produces grids which may include negative values, meaning
the curvatures produced “overshoot” the actual nearest data values during interpolation.
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The intermediate layers between 9 and 18 metres are sandy over much of the Yanco I.A, providing
an aquifer for distribution of irrigation accessions. Having said this, there are “islands of clay” where
groundwater flow through this aquifer system would be limited, as shown on the maps. These
systems continue into the southern parts of the Mirrool / Benerembah area however, in most of
Mirrool and Benerembah sandy deposits are very limited between 13.5 and 18 metres.
Maps MB C13.5-22.5m and Yanco C13.5-22.5m of Appendix 2 show the resistance to vertical flow for
the layers 13.5 to 22.5 metres from the surface. These are indicative of the restriction to leakage
between the Upper and Lower Shepparton Formation. These maps explain why there has always
been found a significant difference in groundwater pressure measured between these two layers in
the Mirrool / Benerembah area, but not in the Yanco area. The areas near Koonadan and Murrami
could be an exception, but it is believed the deeper layers in those areas do not drain fast enough
laterally for a pressure difference to be noticeable.
In summary, the hydro-geology indicates less permeable materials to 6-9 metres depth, and below
this streams deposited sandy materials (now aquifers) over much of the area to a depth of 13
metres. This system is separated from deeper aquifers by restrictive layers in most of the Mirrool
and Benerembah areas (except eastern Kooba). In the Yanco I.A. there is clear hydraulic continuity
between the shallower and deeper aquifers. Parts of the Koonadan, Murrami road area, Calorofield
and west of Gogeldrie areas have restrictive materials at 18 metres and deeper, restricting deep
leakage to even deeper aquifers. The processes of stream deposition caused the depositional
patterns to be complex throughout and there is a lot of variation.

APPLICATIONS
There are a number of potential applications which could make use of the Stratigraphical Model
(SM) information described above. A list of these could include the following:
Numerical Groundwater Models. There is potential to use much improved input data for a
groundwater flow model, if such was contemplated (again).
Groundwater Balance and Behaviour Model. The author has produced annual reports for MIL
including analysis of groundwater behaviour in terms of the groundwater balance (GBBM). The SM
is useful as a backdrop to nominate separate hydro-zones to be analysed, a check reference to the
deep leakage factor, and possibly other uses.
Land Use Soil Salinity Model (LUSSM). The field size one dimensional Soil Salinity Model developed
by the author needs input in terms of hydrological factors such as transmissivity, resistance to
vertical flow in the upper layers and deep leakage, and the SM can fulfil these needs.
Rice Environmental Management. Two aspects deserve scrutiny, firstly the adequacy of the current
soil profile criteria based on drilling to three metres depth for classifying rice land suitability, and
secondly the effect of seepage from rice fields in high ground water table conditions. The latter has
an effect on groundwater levels of land between rice fields and that in turn may affect the viability
of crops other than rice which may be desired to be grown. It may be seen as a crop compatibility
issue.
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Channel Seepage. It may be possible to identify, using the SM information, sub-areas within the
MIA where channel seepage may be above average, and use that as a basis for channel seepage
investigations followed by remediation.
Land Use Capability Assessment. By combining the T and C information of the SM with suitable
criteria it may be possible to assess land capability classes in a meaningful way.
Of the above potential uses the GBBM and the LUSSM are discussed in Parts 3 and 4 of the report.
The two aspects of rice environmental management and land use capability assessment are
elaborated upon in Part 5 of the report, showing that potential exists in that respect.

DISCUSSION
Perfect tools can only be produced if the data are perfect and the underlying assumptions of the
theory are being met. Of course that is hardly ever the case. The weaknesses of the current data
sets are listed below.





Data limitations exist in terms of bore drilling and logging, for instance the consistency of
recording over the years.
The Stratigraphical Model maps have limitations in terms of the gridding method used, and its
effect on interpolation between data points, particularly in areas with few data points (south
Warrawidgee, parts of the Gogeldrie area).
Limitation due to the assumptions regarding the hydraulic conductivity of texture classes. The
assumption that horizontal and vertical hydraulic conductivity are the same.

The examples given in the report may be expanded with more data. Rice drilling data to 3 metres
could be included for areas with low deeper bore data density.
Feedback and encouragement by authorities such as MIL and reviewing organisations at a higher
level will be needed to continue further with the approach of this report. Ideally a multi-disciplinary
group would examine the issues discussed and produce further ideas.
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PART 2 - APPENDIX 1: MIA DRILLING PROGRAM DETAILS
OVERVIEW
A drilling program was carried out in the MIA from 1941 to 1990. In the Yanco area 1980 separate bore sites
were drilled. Many sites were re-drilled to replace piezometer casing or get a better profile log description.
In the Mirrool Benerembah area 2106 bores were drilled. A further 198 bores were drilled in the Wah Wah
District. The results of such mapping, strengths, weaknesses and implications of this methodology are
discussed below.
Holes were drilled to depths from 6 metres to 35 metres. Other bores drilled into the Calivil Formation are not
considered here. The bores were drilled using hand plants using augurs and bailing from casing up to 1969,
but a Gemco drill was the main tool from about 1960 onwards. In the Wah Wah area after 1980 spirals were
used in the 1980s to speed up the process, particularly where there was no need to use casing.
The drilling commenced around Leeton to find sand for dewatering of aquifer using tube wells, as high
groundwater levels were causing a problem with waterlogging in horticulture, for instance the South Leeton,
Gil Gil and Wamoon areas. In the Griffith area the purpose initially was to study the stratigraphical conditions
around Yenda and Bilbul, but from 1956 focussed on the horticultural areas around Yoogali and Hanwood.
Many sites suitable for tube well drainage were found in the Yanco area but only one near Griffith, just south
of Hanwood. Tile drainage was widely adopted for most of the horticultural zone where the land was not
underlain by aquifers. Much knowledge was gained about the stratigraphical conditions.
In the 1960s the focus shifted to large area farm land around Koonadan, Murrami and newly developed land in
the Kooba sub-division, in the 1970s to Benerembah and finally in the 1980s Wah Wah. In each case the
reason was an increase in irrigation intensity and rice growing.
After 1980 drilling was also carried out for investigations related to the development of sub-surface drainage
options for large area farm land, including evaporation areas for disposal of effluent. This reflects in a higher
density bore network on some farms south of Hanwood, where some salinity symptoms had become
apparent. However, apart from experimental plots, sub-surface drainage never became a reality as it was
concluded the disposal of effluent issue involved several risks which could not be easily controlled or managed.
By the late 1980s it was realised the drilling program expenditure was no longer justified in terms of additional
marginal benefits. However, the program over some 45 years and which had cost tens of millions of dollars
expressed as net present value has left a data bank which may serve the MIA well for use into the future. It
should be cautiously preserved.
In 1996 the MIA became privatised and all assets were handed over to Murrumbidgee Irrigation. The bore log
books were kept in a fire proof safe prior to 1996, and briefly borrowed to the CSIRO for digitisation during
2002/03 (but not completed). With new management in Murrumbidgee Irrigation and the transfer of data to
the new G.I.S and transfer of the office from town to the old CSIRO research station site unfortunately all
reference bore location maps became lost and/or destroyed. This means the bore logs and all the information
therein is useless unless a recovery project is undertaken. This has now been completed, resulting in a fresh
approach to how the data may be used into the future.
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METHODOLOGY
Figure 1 below shows a typical bore log description. The sketch map is to the left and the coding to the right.
The depth interval is in feet, only changed after 1973 to metric. The colours show a multitude of
combinations, for instance YB.LG stands for yellow brown, light grey. At shallower depths the grey colour
seems to have dominated. Colours depend on soil origin, leaching, anaerobic conditions at times and soil
forming processes. Grey colours may be influenced by moisture variation. This aspect was recorded but
never seriously analysed in the MIA, confusing for most. No separate comment column is shown at Figure 1,
but several can be recognised, for instance between 2 and 4 feet there is a trace of calcareous concretions,
from 4-9 feet there is the presence of mica, and from 13-15 feet and 16.5 and 18 feet there is gypsum.
Mica may indicate a softer soil of fluviatile origin, possibly more permeable than the texture indicates, and
gypsum may indicate that there has been little leaching beyond this layer prior to sampling, indicating low
permeability further down. Gypsum actually precipitates in dry lake bed conditions subject to upward flow to
the surface, a condition which has not existed in the MIA for thousands of years. Calcareous concretions are
usually related to the occurrence of wind-blown deposits blanketing the area followed by down leaching.

Figure 1: Example of a bore log profile and sketch map.
Between 1954 and 1990 many persons were involved in the texturing of soil. It is a subjective exercise. Some
personnel would have been more consistent than others, most may be considered conscientious as evidenced
by the quality of recording in the books, some personnel possibly was downright sloppy. Soil texturing is a
dirty job and may be time consuming. The soil samples coming from augurs frequently were in bad shape,
after adding water to a hole to facilitate drilling they may have been very mixed up and very hard to texture if
the samples were allowed to dry in the weather. When the weather is very cold, it may affect the ability of
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your fingers to knead the soil. Samples from below a sandy lens may have become contaminated with sand,
affecting the result. Samples were usually kept in containers, but lids may have been loose. Field officers used
a squirt bottle to wet soil and manipulate it with their fingers before deciding on a texture class. This was not
always consistently applied. These examples show the nature of the subjectivity which no doubt resulted at
times.
Over time many texture classes were identified. Spelling varied. The bore log books contain more than 100
different texture classes, many of which should be considered near identical. This needed to be rationalised
for digitisation. Mistakes are possible. For instance, heavy clay is supposed to contain more than 60% clay
and medium clay more than 50%. The remainder presumably is either silt or sand. If the prefix “sandy” is
used it is possible that the criterion of clay content is no longer reached. Another example is the use of “silty
loam” when in fact silt and loam are meant to be the same. Terms of silty medium clay and silty light clay etc
are potentially confusing. In the Leeton area sand deposits often had the pre-fix dirty, dirty, clayey or very
clayey. Also the proportions of fine sand, sand, and coarse sand were often approximately indicated. How
can this be consistently transferred to a GIS database?
The rationalisation of texture classes out of necessity therefore is subjective. Despite this it is believed some
reasonably fair representation of relative permeability differences between layers was achieved.
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PART 2 - APPENDIX 2: STRATIGRAPHICAL MAPS
Below follows a series of 22 maps, which together comprise the MIA Stratigraphical Model. The table below
shows an overview of the Maps. A brief description of hydro-geological features accompanies each map. The
summary of that is in the main text.
Depth
Range
(m)
0-3
0-6
0-9
9-13.5
13.5-18
18-22.5
22.5-30

Vertical Resistance to Flow
Mir / Ben
Yanco
MB C 0-3
Yanco C 0-3
MB C 0-6
Yanco C 0-6
MB C 0-9
Yanco C 0-9
MB C 9-13.5
Yanco C 9-13.5
MB C 13.5-18
Yanco C13.5-18
MB C 18-22.5
Yanco C 18-22.5
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Transmissivity
Mir / Ben
Yanco

MB T 3-9
MB T 9-13.5
MB T 13.5-18
MB T 18-22.5
MB T 22.5-30

Yanco T 3-9
Yanco T 9-13.5
Yanco T 13.5-18
Yanco T 18-22.5
Yanco T 22.5-30

Private Research Report

The vertical resistance C values may be thought of as follows. If beneath a rice field there is a deep
groundwater level, the gradient for flow would be about unity. In that case the percolation would be; q = k x
H/d, or q=H/C with H=1 (m). Therefore, a C-value of 1000 (days) produces 1mm/day percolation. On that
basis C-values of 400 (days) or more may be considered as restrictive, and values of 200 or less permeable.
For Map MB C0-3m it is found that the horticultural areas around Griffith and slopes are indeed more
permeable. The surface layers in the north of Yenda area are also found to be somewhat more permeable.
The Kooba area seems to have a fair degree of low permeable materials near the surface. The higher
permeability in Warrawidgee is noted.

If the C-values are extended to 6 metres depth, they increase due to the restrictions present between 3 and 6
metres. The Yenda area now shows much higher C-values and these are also found for the Lake Wyangan and
Warrawidgee areas.
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Extending the C-values to 9 metres increase them to above 1000-2000 days in some areas, notably some of the
Kooba area, central and north Benerembah and the Yenda area. The Lake Wyangan area is also of low
permeability underneath, which is the reason that any water table issues are of the perched variety.
The coverage of drilled bores throughout the MB area, as shown is quite good up to this depth range, but is
decreasing with increasing depth.
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For the 9-13.5 metres layer situation below the layers of the previous map it is found that the C-values are
much less towards the south of the reference area, e.g. the Kooba area, and south Benerembah. Values
between 200 and 400 days are not uncommon. However to the north the permeability remains low and there
would be very little leakage further down into the profile.
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Map MB C13.5-18 continues the trend of the previous map. However it is more extensive as far as the areas of
low permeability is concerned. For instance the Warrawidgee area and much of Benerembah have a high
restriction to vertical flow from higher layers to layers below 18 metres. In the Kooba area there is also more
restriction, more also a presence of more permeability (sandy coloured areas).
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The map MB C18-22.5 is based on fewer data points but essentially tells the same story. There is a hydraulic
connection between shallow and deeper layers in the Kooba area and parts of south Benerembah, but
nowhere else in the Mirrool and Benerembah areas.
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The transmissivity of the most shallow layers to 9 metres as shown by Map MB T3-9m shows that the most
recent (but still a long time ago) stream activity occurred from the east of the Kooba areas into the west of
Hanwood area and then towards south Benerembah and the Warrawidgee area. The occurrence of pockets of
higher permeability across the area is alternated with pockets of low permeability. The 3-9m layers skims at
the surface of deeper more permeable materials, see the next maps.
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Map MB T3-13.5 shows the extent of what has been described the Upper Shepparton Formation in annual
groundwater reports. Map MB C13.5-18m has shown that in much of the area this aquifer system is underlain
by layers of low permeability, except in the Kooba area. This especially applies to most of Benerembah, but
also west Hanwood and any of the Bilbul / Yenda areas.
2

The transmissivity values in many parts of the southern portion are of magnitude 8 to 32 m /day. This is
2
consistent with results of pump tests, whereby only infrequently sites with values to 100 m /day could be
found.
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The layer beneath the 9-13.5 “aquifer system” shows lesser transmissivity values in much of the MB area.
2
Values below 1 m /day are common. Even in the Kooba area quite a few parts are shaded dull or light green,
indicating low transmissivity. On that basis the decision for the Mirrool Benerembah areas to treat the
uppermost aquifer system separately seems justified.
The higher transmissivity in parts of Kooba go together with pockets of lower C (Map MB C9-13.5). This
indicates the hydraulic connection between layers and higher potential deep leakage.
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Map MB T18-22.5m shows similar conditions as for the 13.5 to 18 metres layer. Noteworthy is the higher
permeability in the Warburn area. This is related to deposits of the Pliocene area which are not prior stream
related. In the area some rice areas have recorded high water use, but some of the area nevertheless is
overlain by clayey materials, as shown at Map MB C0-9.
Map MB T18-22.5m is based on fewer data points but is still reasonably consistent throughout, except the
Kooba Station area south of the MIA (and railway line).
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The layers from 22.5 to 30 metres show more permeability and are considered to be part of the Lower
Shepparton Formation. Except for the Bilbul / Yenda area a lot of the area has transmissivity values in the
2
order of 8-16 m /day. The western part of Benerembah shows higher values and these would be mostly
related to the Pliocene Calivil Formation.
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The hydro-geological conditions of the Yanco area will be discussed next, in the same sequence as for Mirrool
and Benerembah. It will be found there are considerable differences.
The uppermost three metres (Map Yanco C0-3m) show reasonably high permeability in much of the Yanco
Irrigation Area. Noteworthy is the area north of Leeton into Koonadan and the central east west line just of
Trunk Road 80. This is where the horticultural areas of Wamoon, Stanbridge and Fivebridges are located, so
this would be expected. But in Koonadan towards Tuckerbill Swamp and to the west near Murrami road the
higher permeability denoted by C-values from 200-400 (days) is a little surprising.
North of Murrami higher C-values also occur. The conditions of the deeper layers are important for any of
these areas which are permitted to grow rice.
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The Map Yanco C0-6m clarifies the situation to some extent. The C-values to 6 metres are substantially higher
than for the 0-3m surface layer. However, the light green colours throughout Koonadan and to the west near
Murrami Road still leave some questions.
The Gogeldrie area shows mostly low permeability with some pockets with C-values between 400 and 800
days. It may be noted that the coverage of bores in the Gogeldrie area south of the Leeton Whitton railway
line is fairly poor.
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The Map Yanco C0-9m continues the same story, with parts of the Koonadan area and to the west having
lower C-values than initially expected. These are areas where rice water use could be expected to be high,
unless the high groundwater level conditions prevent high percolation rates.
The Gogeldrie area seems to have surface conditions to 9 metres depth which are of sufficiently low
permeability to prevent high percolation rates from rice. This is indicated by C-values of 800 days and higher.
The area south of Leeton along the Narrandera road shows low C-values and would allow high irrigation
accessions unless suitable irrigation methods are used.
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The Map Yanco C9-13.5m varies significantly from the same map applying to Mirrool and Benerembah. Much
higher permeability is indicated. Almost none of the area has conditions which would prevent percolation
from higher to deeper layers, except in the north of Murrami area and the fringe areas near Fivebough Swamp
(both Fivebough and Tuckerbill Swamps are shown on the maps).
This result confirms findings with groundwater monitoring that there is not a noticeable difference between
groundwater levels from piezometers within 13 metres from the surface compared to piezometers installed at
greater depth.
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The map Yanco C13.5-18m shows conditions similar to the previous map, except that to the north in the
Koonadan and west of Tuckerbill Swamp areas the C-values are a little higher, indicating a restriction for
percolation to deeper layers. In these areas deep leakage would be small. On the other hand, towards the
south in the Gogeldrie area and to the west in the Calorofield areas, this layer is very permeable and deep
leakage could be expected to be high unless the hydraulic gradient for vertical flow is very small.
The small number of available bore sites in the Gogeldrie area does affect the accuracy of the mapping
however the area is not far from the apex of the alluvial fan and significant sand deposits would be expected
here anyway.
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The map Yanco C18-22.5m shows that the western Gogeldrie area has less permeability for vertical flow. This
also applies to the Koonadan and Murrami areas, confirming previous comments. The central area from the
south east towards Kooba on the other hand does not show much restriction for downwards flow at all.
Overall the conditions in the Yanco Irrigation Area are found to be much more permeable, with little restriction
for vertical flow existing in much of the area in any of the layers considered. This is very different from what
was found for the Mirrool and Benerembah areas.
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The transmissivity of the uppermost 9 metres in the Mirrool Benerembah area showed a pattern, but for the
Yanco area this patterns is much more confusing. This is partly due to the lack of sufficient bore information in
the Gogeldrie area south of the railway line. The pattern indicates the presence of superficial stream activity
through the central area next to Trunk Road 80 but also a line through the Koonadan area and then west
towards Calorofield. Tuckerbill Swamp is on this line.
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The transmissivity of the 3-13.5 metres layer (Map Yanco T3-13.5) shows high transmissive materials (T>16
2
m /day) in many parts of the area. Obviously stream activity in the Yanco area has been extensive, unlike the
Mirrool and Benerembah areas (except Kooba).
In the north of Murrami area the transmissivity is low, making these areas suitable for rice growing despite the
somewhat higher surface layer permeability. Actually, with the relatively high transmissivity in most of the
Yanco area, the suitability of rice land is now dependent on the permeability of the restrictive layers near the
surface (e.g. Map Yanco C0-9m), as once the percolates have past the surface layers the existing aquifer
systems will allow fairly rapid transmission to the areas between rice fields.
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The 13.5 to 18 metre layer has transmissivity values less than for the 9-13.5 metres layer, but it is
still substantial in many parts, e.g. the area west of Tuckerbill Swamp, the south east, and the west
Gogeldrie area. It is noted that some of these parts have not many bores drilled, so the effect shown
may be biased through interpolation.
The island of low transmissivity in the central Yanco area is interesting. High transmissive deposits
are located to the north and south of this area. It may also be a restriction for lateral flow through
layers at this depth from the Koonadan and Murrami areas to the south west, thereby contributing
to the maintenance of high groundwater conditions to the north east. During the drought of 20012009 it was found that watertable levels in those areas dropped more slowly than in many other
parts of the MIA.
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The Map Yanco T18-22.5m shows little transmissivity in the north-east and very high transmissivity in the
central area from the south east to the Kooba area. The latter seems to be representative of a major river
system at the time of deposition. This backs up the findings with the C-values maps at the same depth
interval.
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The last map of this series for the 22.5-30 metres layers is based on very limited information, but continues to
confirm the high transmissive values across much of the Yanco area. Apparent “islands” of clay show where in
between the most stream activity has occurred in the past.
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IRRIGATION IMPACT ANALYSIS REPORT
PART 3: GROUNDWATER BALANCE AND BEHAVIOUR MODEL
CONTENTS
CONCEPTUAL
DETERMINING OPTIMAL OBSERVABLE INPUTS
CORRELATION ANALYSIS
ALGORITHMS
THE GROUNDWATER MODELLING PROCESS
RESULTS
PREDICTION OF GROUNDWATER TRENDS

CONCEPTUAL
Groundwater levels have been monitored in the MIA since the commencement irrigation, but
initially only from shallow test bores, mostly in horticultural farms. A regular program started with
the commencement of drilling of the drilling program in 1954. Until about 1975 these readings
were quarterly and since that time six-monthly. Groundwater behaviour was analysed from
hydrographs and contour maps. The differences in the average for various districts was compared
from one set of data to the next and compared to weather factors, areas of rice etc. Most of this
analysis was qualitative in its interpretation.
Since 2006 a more comprehensive analysis of trends was produced, including estimates of volumes
of the various recharge and discharge factors involved in groundwater level change. The method is
based on a statistically based modelling procedure involving optimisation. The method has gradually
been improved and the current report is the product of the current state of knowledge. Whether or
not more improvements can still be added is an open question.
The principle of the model is as follows. The groundwater level change in March or September is a
function of the groundwater level six months earlier, plus the net effect of recharge and discharge
processes over the period. The sum of these factors divided by the effective porosity of the
groundwater system (about 3-8% in clays) equals the net change in average groundwater level. The
change usually varies from zero to over 0.5 metres, and varies quite a lot and involves quite large
volumes of recharge and discharge. The LWMP (finalised in 2000) estimates of gross recharge each
year of 96,000 ML, comprising two half yearly components.
The groundwater level change is different every 6 month season (time step). This means every time
step the volumes of net recharge and net discharge have a different composition, with some factors
increasing and others decreasing. A groundwater balance is achieved when the recharge and
discharge for a period adds up to be equal to the volume of groundwater change. This balance is
needed for each of the six month time steps considered.
The factors contributing to net recharge from September to March are:
1. Irrigation recharge, comprising
a. rice accessions
b. irrigated crops accessions
i. winter crops during spring
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2.
3.

4.
5.
6.
7.

ii. summer crops during summer
c. accessions from fallow land
Channel seepage,
Rainfall recharge, with a possible distinction
a. accessions from crops
b. accessions from fallow land
Deep leakage, from shallow to deeper Shepparton aquifers and from these to the Calivil
Formation or, by lateral dissipation, to adjacent areas.
Groundwater evaporation processes involving capillary rise
Groundwater pumping from shallow aquifers where this is practiced
Uptake by trees of groundwater

From March to September similar factors play a role. Winter crops are established in autumn from
which rainfall or irrigation recharge may occur, rice stubble land may exist from which rainfall
recharge may occur and there is fallow land. The coefficients will be different in size between the
two six months periods, for instance rainfall recharge may be more significant for crops or fallow
land in winter.
It is obvious there are many factors and some rationalisation is needed. A starting point with this is
that no coefficients are needed for groundwater pumping as the volumes may be accurately known,
and tree evaporation is small in the MIA where there now are so few trees that it may be assumed
included with the groundwater evaporation factor.
How can the various remaining factors be estimated? Quantification seems very be difficult and
most models to date have had a problem achieving it. However, the principle may be simplified.
Each recharge or discharge factor varies between time steps dependent on what drives the
individual factor. For each factor there is usually an observable quantity, which after application of
a coefficient or factor would produce the volume of recharge or discharge. For instance, rainfall
accessions may be estimated from a rainfall quantity multiplied with a proportion. If the proportion
(or coefficient) can be assumed to be the same between each similar (winter or summer) season of
each of say 10 years of observations, then the quantity of recharge/discharge of each year may be
estimated from the observable quantity for the corresponding periods. The model approach
therefore is twofold:
1. To find which observable quantity is the most suitable for entry into the model. For
instance, for rainfall recharge prior to September it could be total rainfall of the six months
period, or just the winter rainfall prior to September, the rainfall of the highest rainfall
month, or a modelled recharge volume based on daily rainfall and evaporation of the land
use considered.
2. To find the best estimates of the proportions / coefficients to be applied to the observable
quantities of each recharge and discharge factor.
Table 1 shows the above as an overview of the key factors involved. The choice of the observable
quantity will be discussed in the next section. The assessment of appropriate coefficients or
algorithm to be applied to these observable quantities is the part of the objective of the modelling
and will also be discussed in detail. The resulting volumes may be calibrated with observed
groundwater level change.
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Table 1: Groundwater Recharge/Discharge factors and their use in a six monthly model
Factor
Deep Leakage
Rainfall
Recharge
Irrigation
recharge
Channel
Seepage

Rice
Percolation

Groundwater
evaporation

Groundwater
Pumping
Lateral
groundwater
flow
Effective
Porosity

Observable Quantities
Gradient Shallow to
Calivil aquifer (m)
Rainfall, Month or season
with highest rainfall, or
related quantity
Volume of water use on
crops or similar quantity
Volume of channel
seepage from study,
depth to average
groundwater
Areas of rice, depth to
average groundwater

Depth to groundwater,
typical groundwater
evaporation curves from
studies.
Volumes measured
Assessed volume from
gradients and typical
likely transmissivity
(estimated)
Not observable, but would
range from 0.03 to 0.08

Coefficient / Algorithm
Leakage per 10 m
gradient
Multiplier to convert
rainfall into recharge

Result
Volume of discharge

Multiplier to convert
water use into recharge
Channel seepage varies
with groundwater depth
via an algorithm

Volume of irrigation
recharge
Channel seepage
volume for each season
separately

Average rice percolation
rate as ML/ha, algorithm
to vary rice percolation
with depth to GW
Algorithm and
coefficients to shape
groundwater
evaporation curve
No coefficient needed

Rice percolation volume
for each season
separately

No coefficient used

Effective porosity

Volume of rainfall
recharge

Groundwater
evaporation volume for
each season
Groundwater pumping
volume
Volume of lateral GW
flow

Effective porosity in GW
balance

The objective of this modelling is to get a better handle on the relative contribution of winter and
summer crops on the groundwater system relative to the contribution made by rainfall or other
recharge, and balance this by the effect of groundwater evaporation and deep leakage. To achieve
this it is important to have suitable water use and crop area data as input and there has to be
confidence with the coefficients arrived at. Initially this model was used for the 1990 to 2009 period,
but as the water use data for the 1990s were found lacking credibility, the model was reshaped to
contain the 2001 to 2011 period only. Water use and crop area data for all water users are available
since 2001. This together with the groundwater level data and other inputs provided 21 half year
periods from March to September and from September to March.
This introduction may not provide answers to all questions which probably arise to the reader. Are
there not too many variables? Is the data reliable enough? What if the optimisation process allows
for multiple solutions? These questions will be addressed in the next few sections.
As the emphasis of this model is on achieving a groundwater balance for each time step, rather than
just simulating groundwater behaviour the model proposed here will be called the Groundwater
Balance and Behaviour Model, or GBBM.

DETERMINING OPTIMAL OBSERVABLE INPUTS
For most factors of Table 2.1 it is not difficult to determine what observable quantity should be input
into the GBBM for each hydro-zone considered. For others it is not so straightforward. They are
listed below.
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Discussion of Factors
Groundwater data
The groundwater system is assumed to consist of the USF, the LSF, and the Calivil Formation,
separated from each other by less permeable layers which restrict vertical movement of
groundwater. Groundwater level contour maps have been prepared for each formation based on
the piezometers installed into that formation, and then averages are calculated in SURFER for each
observation date for each hydro-zone six months apart. This allows the assessment of groundwater
change values at the end of each period in the USF.
There is leakage from the USF to the LSF or from the USF to the Calivil Formation controlled by the
resistance to vertical flow (c-value) producing a typical rate of deep leakage per year for every metre
or every 10 metres head difference (whatever) between the two formations. This typical deep
leakage factor is to be determined from modelling, see later, and may then be multiplied with the
actual head difference for the year in question. In this section we are concerned about how the
head difference should be calculated. It was decided to use the averages between the September
and March groundwater level averages to calculate the average head difference for any period
(everything average). This is achieved by simple spreadsheet calculations and results in two values
each year.
The groundwater change values in the USF are driven by every other factor in the model. It may be
expected that some factors are more significant than others. The significance of each factor is
considered by looking at correlation matrices. It helps in judging the importance of devoting extra
effort into getting the most accurate data possible.
Channel Seepage
Channel seepage is a large unknown quantity in the model. For the MIA as a whole a total seepage
rate of some 15,000ML/year was assessed for the large area farm land channel supply system during
the LWMP preparation. This excludes the then poor state of many horticultural supply channels, the
Lake-View Channel and the Main Canal at Stony Point near Leeton.
The 15,000 ML occurs mostly as a low rate of seepage of say 1-2mm/day along most of the channel
system, as the soil in large area farm lands consists of clay mostly. Higher seepage rate sites are
restricted to some locations only (Near Whitton, Whites Road near Warburn, Yenda Northern
Branch Canal, others). In the absence of any real data there is no option but to select a proportional
value for a hydro-zone, allow a range of values around that value, and let the model optimisation
decide which end of this range produces the best result.
The chosen value related to LWMP assessment applies for groundwater levels during the 1990’s,
which were about 1.5 metres from the surface. As groundwater levels go up and down the channel
seepage rate may increase or decrease. Algorithms to include the relationship with groundwater
levels need to be considered and are discussed in a next section.
Rice Percolation.
Rice water use data exist and these may be converted to that proportion which may have been
percolation after subtracting evapotranspiration. The latter is different each summer season. The
value found would include any run-off and rainfall effects. During the last ten years, the feature of
on-farm recirculation, which may recirculate rainfall or irrigation run-off to other crops or vice versa
has been widely implemented. This further compounds the potential for potentially confusing and
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inaccurate data, especially for higher rainfall years. Finally, farmers have an incentive to not order
water correctly as there may be penalties for excessive rice water use. It is clear the actual rice
water use data themselves do not provide an accurate estimate of percolation values. However,
they do provide a guide.
Research including infiltration tests in the past provided an insight as to how much percolation may
be expected. It varies from as little as 1 ML/ha in low usage areas to over 3-4 ML in other areas and
stratigraphical conditions. More still has occurred where watertable conditions are deeper. Rice
percolation may be a factor to be discovered by modelling. In doing this, the rice water use data
including the stratigraphical model helps in setting constraints of the range of acceptable values for
a particular hydro-zone.
In addition to an optimised rice water use per hectare input applicable for groundwater levels at say
1.5 metres depth, another factor needs to be added to allow for variation in groundwater height.
Algorithms to that effect are discussed in a next section.
In summary, the observable quantity to be input into the model is the area of rice in hectares. Two
coefficients will operate on this variable factor to determine the volume of net recharge which
occurs each summer season from this source, one is the percolation rate/ha, and the other the
groundwater depth related coefficient.
Groundwater Evaporation
This factor includes tree evaporation and is not an observable factor. It needs to be determined
from modelling, see the next section on algorithms.
Rainfall Accessions
The observable quantity is the daily or monthly rainfall for the area over a time step. However there
are a few complicating factors. Rainfall at the beginning of a six month period may be less effective
towards the final watertable depth than the rainfall of the last month or so. Higher rainfall events
have more effect than small volume showers after a few dry weeks. The rainfall may be more
effective in some crops than for fallow land. So for the March to September period that provides
choices:
 Total six month rainfall with a coefficient,
 Winter rainfall only with a coefficient,
 Highest rainfall month with a coefficient, or,
 A separate rainfall recharge model based on rainfall and evaporation to assess rainfall
accessions for each land use over the six months.
For the September to March period the same applies. The highest rainfall months could be used, or
the summer rainfall only, or the total for the six months, or a rainfall recharge model output.
There is a further complication, land use. For the autumn/winter period the land uses are rice
stubble, newly established winter crops, and fallow, fairly straightforward. For the spring/summer
period however, there are winter crops finishing off in spring, and summer crops presumably
starting during November into the rest of the summer. These two types of crops have a different
effect on the potential recharge still having an effect when measuring groundwater levels in March.
Winter crops such as wheat in spring grow vigorously and usually have a net drying effect on the soil.
47

Private Research Report

Research has shown that groundwater levels usually drop beneath these crops, so they may be more
part of the groundwater evaporation process than resulting in net recharge. On the other hand,
summer crops may show net recharge, although it may be small if furrow irrigation is involved and
the soils predominantly clay.
In an effort to overcome these handicaps as well as possible, a rainfall recharge model was
developed to allow assessment of rainfall recharge from each of the land used described above. This
was decided to allow a decision whether rainfall data by themselves were a sufficient input into the
model to achieve a reasonable assessment of rainfall recharge for the various land uses mentioned,
or whether the rainfall recharge model is a better option.
The rainfall recharge sub-model is a daily time step model for all ten years, but with March to
September processes separated from the September to March processes. It calculates a soil
moisture regime daily, with the excess after rainfall becoming available for percolation. The inputs,
being crop factors, maximum soil deficit before irrigation, maximum recharge allowed, and other
coefficients were varied and the six-monthly recharge calculated for each of ten Sept-March and ten
March-Sept time steps. These values were then compared with the more simple type rainfall inputs
mentioned.
The model allowed for carry-over of soil moisture values from one six month period into the next.
The rice stubble soil moisture was set at maximum at the beginning of autumn, but apart from that
the land use was treated similar to fallow, but with different crop factors (it is a small proportion of
the land use only). Where a (somewhat arbitrary) irrigation regime was super-imposed on a crop,
the cumulative irrigation volumes applied were added up and not allowed to exceed the actual
volumes applied to the land for that crop for that season (from water use data).
The model was only run for the MIA as a whole, not for each hydro-zone separately. Hence it was
assumed that the outputs could be applied as the “observable factor” to any hydro-zone.
Correlation matrices between groundwater level change and the various rainfall factors, or assessed
recharge volumes, including crop areas for each land use were used to help decide how the
modelling could best proceed. This is discussed in the next sub-section.
The selected rainfalls or rainfall recharge values were used as the ‘observable quantity” in the GBBM
and allowed to be changed by a modelling coefficient, as discussed.
Irrigation Recharge

Water use and crop area data exist for the 2001 to 2011 period (6) and these were compiled for the
Sept-March and March-Sept periods. This is potentially confusing as the data is being collected from
farmers later during the irrigation season, hence winter crop data, which applied to the past spring
season also apply to the previous year’s autumn irrigation crop.
6

Crop area data were not available for 2001-2003, and these were determined from average water use data for the same
type of crop for the remainder of 2001-2011.
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The discussion under “Rainfall Recharge” re various crop mixes and issues with the accuracy of the
input data also applies here. Crop area data are collected via an annual survey form. MI collects
water volume data whereby landholders have to nominate which crop it is being applied to.
The rainfall recharge model was not capable of assessing both winter crops in spring and summer
crops in summer for the six months period simultaneously. Following analysis it was found that
correlation between groundwater level change and winter crop areas or irrigation volumes to these
crops in spring was very low (see next section). It was decided to not include this aspect in the
analysis. This leaves only the summer crops and the winter crops irrigated during autumn to
consider.
In the rainfall recharge model no allowance was made for irrigation recharge over and above the
rainfall recharge, the irrigation was applied just to restore soil moisture. To get the separate effect
of irrigation recharge, it is possible to either use the irrigation volume, or the crop area as the
observable quantities , and then to allow the groundwater behaviour model to assess the proportion
of these volumes which most likely have resulted in net recharge from the respective land use. The
correlation analysis of the next section resulted in irrigation volumes to be used for the irrigation
effect of winter crops in autumn, and of the area of summer crops to be used for the assessment of
irrigation accessions in summer. This of course is not a consistent approach, but not unacceptable
either.

CORRELATION ANALYSIS
Correlation analysis was used to get an impression of which factors relate the most to groundwater
level change each six months. It was also used to determine how the observable factors or their
derivatives could best be input into the groundwater behaviour model.
Only the correlations for data applying to the MIA USF area as a whole were considered. The
individual hydro-zones may have different outcomes and that perhaps should still be investigated,
particularly the variation between low deep leakage zones and higher deep leakage zones, or where
land use patterns are very different from the average.
Table 2 shows the correlations between groundwater rise (m) over the respective six months periods
(n=10) found.
Most correlation coefficients are very low, which is of concern considering that there are only 10-11
periods for each of the above two tables.
For the autumn/winter period none of the factors related to rainfall or crop irrigation show a
significant correlation. The best relationships are related to the factors derived from the rainfall
recharge model described above, but correlation coefficients of 0.65 to 0.67 still are not significant
by themselves. With regard to crop areas or irrigation volumes, there is no obvious correlation.
For the spring/summer period the situation appears a little better. The rice area shows a good
correlation; more rice area results in more groundwater rise as expected.
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Table 2: Correlations between groundwater rise (m) and various factors for the autumn/winter
period and the spring/summer period.
GW Rise March to Sept Correlations
Factor
GW Rise
Year
0.44
Current Sept WT depth
0.44
Previous March WT depth
0.54
Calivil Head Difference
0.45
Rain May-Aug
0.33
Highest Rainfall Month
0.44
Rainfall Winter
0.24
Rainfall Autumn
0.37
Fallow Area Recharge
0.65
Crop Recharge
0.65
RiceStubble Recharge
0.67
Crop Area
-0.41
Non Rice Water Use
0.00
Irrigation as mm
0.33

Previous Rice Area
Tubewells ML

GW Rise Sept to March Correlations
Factor
GWRise

-0.45
-0.35

Current March GW depth
Previous Sept GW depth
Calivil Head Difference
Rainfall Oct to Feb
Highest Rainfall Month
Rainfall Spring
Rainfall Summer
Fallow Recharge
Summer Crop Recharge

-0.25
0.05
-0.30
0.66
0.58
0.80
0.52
0.71
0.65

Winter Crop area
WinCrop Water Use ML
WinCrop Water Use ML
Summer Crop area
Summer Crop Water Use ML
Summer Crop Water Use mm
RiceArea
Tubewells ML

0.06
-0.10
-0.35
0.73
0.02
-0.22
0.79
-0.17

The summer crop area (which includes citrus and vines but excludes winter crops grown in spring)
also shows a positive correlation (r=0.73). This is surprising considering that summer crop water use
shows near zero correlation. On the other hand, winter crop areas or winter crop water use in
spring show very low, even negative correlations. This fits in with the argument that winter crops in
spring have a drying effect, rather than a contributing effect on groundwater levels.
Furthermore, spring rainfall shows a high correlation and so do the assessed recharge rates from the
rainfall recharge model. The latter values were obtained after repetitive changes to the factors
controlling rainfall recharge, a process referred to in the previous section.
It would be unwise to use the results of the above and conclude that winter crops in autumn or
summer crops have no effect on subsequent groundwater level change. The areas involved are
relatively small compared to the area over which the groundwater change is monitored. In their
individual fields the various types of crops can have quite a large effect, but it obviously does not
translate into significant groundwater changes overall. So it was decided to still keep the following
factors as observable input quantities:
Autumn/Winter period
Rainfall recharge from fallow
Rainfall recharge from cropped areas
Rainfall recharge from rice stubble
Irrigation recharge from crops
Spring/summer period
Rainfall recharge from winter crops
Rainfall recharge from summer crops
Rainfall recharge from fallow

from the rainfall recharge model
from the rainfall recharge model
from the rainfall recharge model
winter crop water use multiplied by a coefficient

Ignored
from the rainfall recharge model
from the rainfall recharge model
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Irrigation recharge from winter crops Ignored
Irrigation recharge from summer crops Summer crop areas multiplied with a coefficient
Rice Field recharge
Rice crop area multiplied by an algorithm

ALGORITHMS
The input of four net recharge and discharge factors needs to be subjected to possible variation in
groundwater depth between subsequent time steps. The USF groundwater piezometric level is
assumed to be the depth to the watertable as the USF is close to being unconfined. The factors
affected are the deep leakage factor, the rice percolation estimate, the channel seepage estimate
and the estimated groundwater evaporation. The algorithms which were applied to these factors
are discussed here.
Deep Leakage.
When deep leakage is estimated from the head difference between the USF and LSF groundwater
levels (the observed value) and a modelled value for the deep leakage with a head difference of one
or ten metres, the calculation is straightforward. It is a simple multiplication. The result is the deep
leakage to the LSF. There is no need to concern oneself with the leakage to the Calivil Formation
below the LSF as the groundwater balance being considered is for the USF zone only.
When deep leakage is estimated from the head difference between the USF and the Calivil
Formation (the observed value) and a modelled value for deep leakage with a head difference of one
or ten metres, the calculation is still a simple multiplication. The resulting deep leakage volume is
the volume passing from the USF to the LSF, but it needs to be kept in mind that this volume consists
of two components, firstly the volume which will reach the Calivil Formation, and secondly the
volume escaping laterally through the LSF to adjacent areas. Therefore what is being assessed
through modelling is not only the deep leakage, but also a component of lateral flow. The
transmissivity of the LSF may be significant, so this volume may also be significant, dependent on
lateral groundwater gradients. Therefore, it is possible that there is a significant difference in results
between the two approaches to calculate deep leakage. The latter values are likely to be higher.
The head difference with the Calivil Formation was used instead of the head difference with the LSF
in those hydro-zones where the head difference between the USF and the LSF is small. This is the
case in the Kooba sub-division of Mirrool, and much of the Yanco Irrigation Area. If it is small, that is
an indication that there is little resistance to vertical flow between those two layers, and the deep
leakage rate is controlled by a deeper restrictive layer.
Either method of assessment should result in an equally credible outcome for the critical
groundwater balance factors to do with recharge from crops or rainfall, and channel seepage.
In Benerembah and the northern part of Mirrool the first situation applies, but in southern Kooba
and the Yanco area the second. In the southern part of the Kooba area the lateral gradients into the
Kooba Station area are significant.
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Rice Percolation and Channel seepage.
These two sources of net recharge are treated similarly as far as the application of algorithms is
concerned, so are discussed together.
With rice percolation the observable factor used is the rice area for each year during spring/summer
and this is multiplied with a modelled average rate of percolation applying to all years (Ricecoeff01).
This modelled rate is assumed to apply for conditions when the groundwater depth is 1.5 metres.
With channel seepage the assumed rate of seepage from channels in the hydro-zone (Chancoeff01)
is also assumed to apply to a situation when the (average) groundwater depth is at 1.5 metres.
For each of these two factors the rate of percolation or seepage is likely to increase for years when
the groundwater depth is more than 1.5 metres. The question is; how does this increase occur and
how can it best be modelled?
If there is a semi-permeable clay layer near the surface underlain by an aquifer, numerical or
analytical modelling may show that the increase in percolation may be proportional to the head
difference of groundwater in the rice field and the adjacent land. However, there are factors which
may mean the increase is less than linear, for instance with large rice fields and a low transmissivity
in the aquifer only the fringe areas contribute to rice seepage and an increase less than proportional
should be assumed.
A similar argument may be made for channel seepage. The increase may vary between proportional
and a value much less than proportional.
The manner by which this has been dealt with is by introducing a power function to the groundwater
depth divided by 1.5 metres ratio and multiply this with the standardised rice percolation or channel
seepage applying when groundwater is at 1.5 metres depth. Hence; Seepage = Seepage x
coefficient, and coefficient being a Power function of (WT/1.5). The value of “Power” is between say
0.3 and 1.0.
The model coefficient identified here is the second coefficient for each of these two factors
(Ricecoeff02 and Chancoeff02). All four coefficients are found by EXCEL SOLVER, subject to
constraints applied during the modelling process to ensure the outcomes are plausible.
Figure1 shows the modelled variation of rice percolation, channel seepage and groundwater
evaporation found for the Kooba South East area during the modelling process. For channel seepage
the graph in this case shows a linear increase with WT depth, but for rice percolation the increase is
much less rapid.
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Standardised Change in GW Evaporation, Channel Seepage
and/or Rice Percolation with Depth of Average Groundwater
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Figure 1: Modelled variation of rice percolation, channel seepage and groundwater evaporation
with increasing depth to the average groundwater depth, Kooba South-East hydro-zone.
Groundwater Evaporation
It is believed that groundwater evaporation may be still be effective even when groundwater is at
greater depth, say 4-5 metres. Some plant roots grow to such depths, apart from capillary rise and
there is vapour flux aided by temperature gradients and barometric pressure changes.
This is a complex subject. Graphs based on research describing capillary rise and groundwater
evaporation are available for several soil associations in the MIA, but only to about 1.2 metres
depth. No doubt these values are approximate only and would be subject to a large variation within
each soil unit. The curves tend to show an exponential decline of capillary rise with depth, with
most of the decrease occurring as groundwater levels drop from the root zone at say 0.3 metres to
about 1.2 metres depth. Below this depth the decrease is not necessarily exponential, since at very
low capillary rise rates the relative proportion of moisture vapour flux increases. The curves would
be different between summer and winter conditions, because in summer the soil surface dries out
(unless irrigated), and a dry surface mulch develops preventing capillary rise (but not the small
amount of vapour flux).
Longer time frames than one day are involved in this study, and the areas are much larger than sites.
Rice areas need to be excluded. Groundwater levels vary over time and spatially. Consequently, the
published research curves cannot be assumed to be valid in this situation. However, it is still likely
that capillary rise / groundwater evaporation does decrease with increasing average groundwater
depth.
A typical value for capillary rise as mm/year was modelled for when the average groundwater depth
is at 1.0 metres (Evapcoeff01). This capillary rise was multiplied with a power function applying to
the average depth to groundwater for each time step, with the coefficient (Evapcoeff02) being
negative to ensure a decrease of groundwater evaporation with increasing groundwater depth.
Constraints were applied in SOLVER to ensure the decrease found is plausible. Figure 1 shows the
outcome for the Kooba south-east hydro-zone. In that zone the groundwater evaporation with
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groundwater at 1 metre was modelled to be 159mm/year and the average groundwater evaporation
over 10 years, with on average much deeper groundwater, was found to be 75mm/year. The latter
is 75/365 =about 0.2mm/day.

THE GROUNDWATER MODELLING PROCESS
Data sheets were prepared in EXCEL regarding weather data, groundwater level data, water use and
crop area data, and volumes of groundwater pumping (for drainage from the USF). Four other
sheets contain the rainfall recharge model and the correlation matrices to select the optimal input
values for the analysis of rainfall and irrigation recharge, as discussed.
The Stratigraphical model discussed at Part 2 found that the following hydro-zones may be
recognised: Warrawidgee, Benerembah Middle, Lockhart Road, Hanwood west, Kooba north-west,
Kooba south east, Hanwood horticulture, Bilbul large area farm land, Calorofield, Murrami north,
Koonadan, Wamoon Stanbridge and the Gogeldrie area. These thirteen hydro-zones have
monitored piezometers installed into the most shallow watertable aquifer, the USF. Eight other
hydro-zones were identified for the Stratigraphical Model (Part 2), but these have no shallow
piezometers and therefore cannot be analysed using the GBBM.
Each of the above hydro-zones and the MIA (USF area) as a whole were given a sheet each in EXCEL
and an identical approach was adopted for each. The key data for all autumn/winter periods and all
spring/summer periods available (10 each) were copied into a table on each sheet. Two other
tables took the beginning March (or September) groundwater level for the full 10 years, then added
for the first year all the net recharges and net discharges as described earlier, and calculated the
next September (or March) groundwater level. These new levels were then used as the starting
groundwater level for the next time step, and so on. The end result was a series of calculated March
and September groundwater levels one after the other, which then were compared to the observed
values. The difference and the sum of squares (SSQ) of the differences were calculated. The
optimisation modelling process within SOLVER then was a matter of minimising the SSQ and finding
the standard error of the differences (the objective function).
As many as fourteen coefficients were used in this optimisation, listed at Table 3:
There obviously is a concern that having 14 coefficients with 21 variable numbers (10.5 years) to be
calculated represents a perfect recipe for being able to get any answer that may be desired.
However, the situation is not quite as serious as that. Volumes related to rainfall and irrigation
recharge were found to be mostly small (see later) so the associated coefficients have little
significance overall. This aspect represents about half of all coefficients involved. This is a pity as
one of the main objectives of modelling is to get a better handle on the contribution of rainfall and
irrigation of crops, compared to the effect of rice growing. The model approach therefore still will
not provide the accuracy of answers some readers may desire. The main factors of the
groundwater balance were found to be rice percolation, groundwater evaporation and deep leakage
in some hydro-zones.
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Table 3: Listing of all coefficients used in the SOLVER optimisation procedure for the MIA
groundwater behaviour model
Type of Factor
Discharge

Recharge

Porosity

Model Coefficient
Deep Leakage
Groundwater Evaporation – WT=1m
Groundwater Evaporation – power coeff.
Winter Rainfall Recharge – Fallow/rice stubble
Winter Rainfall Recharge – Irrigated crop
Winter irrigation Recharge – Irrigated crop
Summer Crop Rainfall Recharge
Spring Summer Rainfall Recharge – Fallow
Summer Irrigation Crop Area – Irr. Recharge
Rice Percolation based on area – WT=1.5m
Rice Percolation – power coefficient
Channel Seepage Volume with WT=1.5m
Channel Seepage – power coeff.
Porosity

Constraint Range
Depends on Hydro-zone, from Stratigraphical
Model
>25mm/year
-0.3 to -0.9 (decreasing with WT depth)
-0.3 to -1.2
-0.3 to – 1.2
-0.02 to -0.1 (of ML applied)
-0.3 to -1.2
-0.3 to -1.2
-0.3 to -1.5 (ML/ha)
<-0.2 ML/ha
0.3 to 0.9 (Increasing with WT dept)
Hydro-zone dependent-300-1000 ML/year
0.3 to 0.9 (increasing with WT depth)
0.04 to 0.08 all hydro-zones

Note: Negative values represent recharge as groundwater depth becomes a smaller number

Channel seepage was estimated from general knowledge and this value was kept within tight
constraints for modelling, with the constraints set to under-represent channel seepage rather than
to over-represent it. Rice percolation (with WT at 1.5 metres) was also kept within constraints
consistent with what the water use records would indicate. Deep leakage was kept within the
constraints consistent with the information from the Stratigraphical Model. As mentioned the
model usually indicated low recharge from rainfall and irrigation, and therefore the groundwater
evaporation was the main balancing factor.
For each of the hydro-zones considered the process of setting and altering constraints to find the
best possible optimisation solution was repeated until the result was more or less satisfactory. The
development of the Stratigraphical Model was very helpful as before it was unclear whether deep
leakage was the most significant discharge factor in a hydro-zone, or groundwater evaporation. The
earlier model approach without the SM did not always provide a credible answer for deep leakage.
After all, various coefficients can potentially be changed resulting in more than one optimal solution.
Once the above process was completed it is fairly simple to produce graphs of observed versus
calculated groundwater behaviour over time, values for the groundwater balance for a specific year
or the full period, and summaries of the various outcomes for each hydro-zone. It is then also
possible to extend the groundwater graphs and make predictions as to what would happen if a
specific strategy re land use was adopted, or if a hypothetical weather pattern would occur.

RESULTS
For each of the hydro-zones of Mirrool / Benerembah shown at Figure 2, and the hydro-zones of the
Yanco district, all of which are part of the shallow groundwater monitoring system (7), and the MIA
combined, various results have been compiled.

7

This excludes the following areas; Barren Box Swamp, Warburn, Tharbogang, North Yenda, Widgelli, Lake Wyangan. The
Benerembah south-west area and the Dosseter’s road area have also been excluded as they are too insignificant in size.
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MIA Overall
Only hydro-zones with piezometers available in the USF have been considered. The data used for
the assessment of groundwater behaviour, the groundwater balance and prediction of future trends
for various scenarios are shown at Table 4

Figure 2: Hydro-zones identified for the Mirrool / Benerembah area
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Table 4. MIA shallow groundwater area with identified hydro-zones. Data used for assessment of
groundwater behaviour, the groundwater balance and prediction of future trends.
DATA FOR SEPTEMBER GW ASSESSMENT
Previous
Date
Sep WT MarchWT GW Rise Calivil Head
2000.65
1.84
1.60
-0.24
11.26
2001.65
2.26
1.58
-0.68
10.72
2002.65
2.40
1.77
-0.63
13.27
2003.65
2.90
2.39
-0.51
13.80
2004.65
3.16
2.85
-0.31
13.28
2005.65
3.42
3.24
-0.18
13.88
2006.65
3.42
2.93
-0.49
13.32
2007.65
4.40
3.83
-0.57
14.70
2008.65
5.04
4.70
-0.34
15.12
2009.65
5.57
5.25
-0.32
15.26
2010.65
5.61
5.53
-0.08
15.30
DATA FOR MARCH GW ASSESSMENT
Previous
Date
March WT Sept. WT GWRise
2001.15
1.58
1.84
0.26
2002.15
1.77
2.26
0.49
2003.15
2.39
2.40
0.01
2004.15
2.85
2.90
0.05
2005.15
3.24
3.16
-0.09
2006.15
2.93
3.42
0.49
2007.15
3.83
3.42
-0.41
2008.15
4.70
4.40
-0.30
2009.15
5.25
5.04
-0.21
2010.15
5.53
5.57
0.04
2011.15
4.66
5.61
0.95
Stdev Rise
0.35

Calivil Head
10.42
12.34
13.75
13.48
13.60
13.54
14.23
14.34
15.04
16.28
13.10

Winter
Crop Area
22963
44699
83789
53191
46653
43545
41562
13140
13146
14835
28333
36896

NRWU
60000
57767
61221
37713
65726
98870
76852
17748
13510
29096
20494
49000

Summer
Crop Area
10601
9034
8365
8812
8315
8910
5433
3361
4058
5176
9317
7398

Summer
NR WU
52351
48174
49682
46669
49030
51810
38125
23002
20796
37026
31226
40717

Recharge Recharge Recharge
Tubewells RiceStubble Fallow
Crop
1926
21
13
24
1396
5
0
3
1677
0
0
0
2281
10
7
11
1847
0
0
1
1822
28
18
27
2000
11
1
9
1149
0
0
0
175
0
0
0
50
7
0
0
50
24
10
21
1307
10
4
9

RiceArea
23889
23430
13324
12213
5988
19313
1962
74
1831
5048
16766
11258

Tubewells
2000
792
2563
2000
1694
1951
2048
250
100
100
0
1227

Fallow
12
3
5
0
0
0
0
3
0
0
33
5

Crop
5
0
3
0
3
4
0
7
0
0
22
4

The SOLVER optimisation solution produced the following hydrograph of Figure 3 for observed
versus simulated groundwater behaviour from 2001 to 2011.

Observed versus Predicted Depth to Groundwater Kooba SE

2000
1.0

2002

2004

2006

2008

2010

2012

2.0

Depth (m)

3.0

4.0

5.0
Observed
6.0

Predicted

7.0

Figure 3: Observed versus predicted average groundwater behaviour 2001 to 2011 for the MIA –
shallow groundwater zone (USF)
The standard error of the prediction was 0.088m, which is considered to be very small. It may be
concluded that the match is very good.
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The groundwater balance for the March to September and September to March half year time steps
are presented separately in Figures 4 and 5.
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DeepLeak

-60000
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Figures 4 (top) and 5: Variation in groundwater balance factors for the March to September and
September to March times steps from 2001 to 2011, MIA shallow groundwater (USF) area.
The net recharge of each factor is represented as a negative value. From March to September
periods the rainfall associated recharge total dominates, but from September to March it is the rice
recharge which dominates. For both periods the groundwater evaporation factors is the largest
discharge factor, and deep leakage represents a relatively small proportion only. Channel seepage
has increased over time as the groundwater dropped (Table 2.4). Irrigation percolation is shown to
be a very small component in the overall water balance from September to March, but this is
partially due to the fact that summer crops occupy a small part of the landscape only (see below).
These data have been produced for all 13 hydro-zones in Benerembah, Mirrool and Yanco where
shallow groundwater was monitored by piezometers. The data for each of these zones was similar
in shape over time, the same rainfall recharge values were used for each crop type, and in most
instances the shape of the groundwater behaviour hydrograph produced is similar in shape as the
one for the MIA as a whole, albeit at different levels and the head difference to the LSF or CF varies.
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The exceptions to this are Hanwood horticulture and the Wamoon/Stanbridge hydro-zone which
have a different land use generally. The differences will be discussed on basis of the comparison
Tables 5, 6 and 7.
Table 5: MIA and 13 identified hydro-zones: Net recharge and discharge volumes (ML) of each
groundwater balance factor
Fluxes 2001 / 2011 averages
GRWEvap Constant
Deep Leakage
Winter Rain Recharge - Rice Stubble
Fallow
Winter Irrigation Recharge - crops
Summer Rain Recharge - Fallow
Non Rice Crops
Summer Irrigation Recharge - crops
Rice Percolation
Channel seepage
Groundwater Evaporation
Total Net Discharge
Total Net Recharge
Net Recharge/annum
Effective Porosity
Area (ha)
Standard Error Estimate (m)
Note: fluxes are for whole area

MIA
6899
-1389
-5253
-4256
-2649
-97
-2179
-28134
-10776
61792
68692
-54734
-13958
0.05
126500
0.087

WWE
0
-190
-446
-78
-397
-12
-13
-2396
-956
5427
5427
-4488
-939
0.040
13075
0.233

BenMid LockH Rd HW west HW Hort KooNW
399
58
241
104
338
-206
-41
-10
-9
-89
-257
-53
-52
-381
-71
-876
-18
-243
-5
-146
-666
-150
-51
-41
-75
-6
-13
-1
-26
-6
-6
-90
-122
-2126
-5
-4543
-883
-2275
-568
-674
-542
-597
-122
-440
-954
7851
2147
3805
3981
2223
8250
2205
4046
4085
2561
-7102
-1844
-2875
-3595
-2019
-1148
-361
-1171
-490
-541
0.04
0.04
0.08
0.08
0.04
17044
3564
3890
4212
4948
0.243
0.271
0.172
0.207
0.131

KooSE
3996
-194
-964
-1207
-331
-5
-1602
-6548
-968
13282
17278
-11818
-5460
0.08
17044
0.138

Bilbul
0
-116
-242
-74
-329
-132
-88
-1016
-344
3022
3022
-2341
-681
0.04
8190
0.160

Mur
0
-180
-222
-23
-404
-247
-36
-1235
-365
3299
3299
-2712
-587
0.06
6675
0.269

CalFld K'dan
1062
1039
-32
-66
-526
-269
-54
-249
-267
-154
-88
-107
-118
-117
-1864 -2205
-510
-623
3729
3734
4791
4773
-3460 -3790
-1331
-983
0.04
0.08
9406
6088
0.151 0.175

WS
1070
-26
-168
-449
-10
-796
-1025
-879
-508
855
1925
-3861
1936
0.08
3257
0.363

Gog
3779
-166
-378
-63
-437
-706
-827
-2448
-1211
5525
9304
-6235
-3068
0.04
16431
0.224

WS
33
-1
-5
-14
0
-24
-31
-27
-16
26

Gog
23
-1
-2
0
-3
-4
-5
-15
-7
34

Table 6: MIA and various hydro-zones (13). Net recharge and discharge volumes (mm) of each
groundwater balance factor
Fluxes as mm 2000 to 2011 averages over whole hydro-zone
Variable
MIA
WWE
BenMid
Deep Leakage
5
0
2
Winter Rain Recharge - Rice Stubble
-1
-1
-1
Fallow and Crop
-4
-3
-2
Winter Irrigation Recharge - crops
-3
-1
-5
Summer Rain Recharge - Fallow
-2
-3
-4
Non Rice Crops
0
0
0
Summer Irrigation Recharge - crops
-2
0
0
Rice Percolation
-22
-18
-27
Channel seepage
-9
-7
-3
Groundwater Evaporation
49
42
46

LockH Rd
2
-1
-1
0
-4
0
-3
-25
-17
60

HW west
6
0
-1
-6
-1
0
-3
-58
-3
98

HW Hort
2
0
-9
0
-1
-1
-50
-13
-10
95

KooNW
7
-2
-1
-3
-2
0
0
-14
-19
45

KooSE
23
-1
-6
-7
-2
0
-9
-38
-6
78

Bilbul
0
-1
-3
-1
-4
-2
-1
-12
-4
37

Mur
0
-3
-3
0
-6
-4
-1
-19
-5
49

CalFld
11
0
-6
-1
-3
-1
-1
-20
-5
40

K'dan
17
-1
-4
-4
-3
-2
-2
-36
-10
61

Table 7: MIA and various hydro-zones (13). Net recharge and discharge volumes (mm) of each
groundwater balance factor within each land use area.
Fluxes as mm 2000 to 2011 averages applied to cropped area only
Variable
MIA
WWE
BenMid LockH Rd HH west HW Hort
Deep Leakage
Winter Rain Recharge - Rice Stubble
-12
-12
-12
-13
-4
-11
Fallow and crop
-6
8
-2
-2
-2
-10
Winter Irrigation Recharge - crops
-12
-1
-15
-2
-29
-2
Summer Rain Recharge - Fallow
-2
-3
-4
-5
-1
-1
Non Rice Crops
-1
-2
-1
-3
-1
-2
Summer Irrigation Recharge - crops
-29
-2
-1
-20
-100
-150
Rice Percolation
-250
-156
-262
-293
-878
-700
Channel seepage
Groundwater Evaporation

KooNW

KooSE

Bilbul

MURNE

CalFld

K'dan

Gog

-13
-3
-7
-2
-1
-1
-95

-12
-8
-21
-2
0
-150
-408

-12
-5
-3
-5
-10
-7
-103

-20
-5
-1
-9
-10
-2
-136

-3
-8
-2
-3
-9
-12
-193

-13
-6
-18
-4
-5
-5
-419

-11
-3
-1
-5
-10
-12
-169

Table 5 shows the volumes which for the MIA overall add up to about 67,000 ML discharge per year.
This is not inconsistent with the LWMP estimate of 96,000 ML/year as the 2001 to 2011 period was
dominated by a drought. The recharge is less and the difference accounts for the watertable drop
over the period. This table also shows the effective porosity produced by SOLVER within the 0.04 to
0.08 range. It also shows the area of each hydro-zone, and the standard error (SE) of the estimate.
The latter is worse for individual smaller hydro-zones than for the MIA overall. The reason is not
clear but it was observed that some of the worst SEs relate to areas with a much lower density of
shallow groundwater piezometers (Benerembah Middle, Warrawidgee) possibly affecting the
average calculated. There is also a possible bias in some hydro-zones due to piezometers being
located close to supply channels (e.g. Lockhart Road).
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Table 6 shows values as mm/year net recharge or discharge, producing the effect similar to Figure 3
and 4 but as averages. Figure 7 shows the same volumes for various land uses, but as mm for those
designated areas only. From this information a few observations are possible.
Rice recharge. The highest values produced by the model are in Hanwood west, Hanwood
horticulture and Kooba south east, and this is consistent with what would be expected. The lowest
values are in Warrawidgee, the Bilbul area, Kooba north-west, and the Murrami areas, also
consistent with the low permeable conditions prevailing there (see Stratigraphical model).
Summer crop and winter crop irrigation recharges are relatively small if the model’s outputs can be
given credibility, and the highest values again are in the Hanwood west and Hanwood horticultural
areas. The latter of course includes a lot of citrus and grapes from which higher recharge would be
expected, considering the soils are also lighter in texture. Some of that recharge would be removed
by tile drainage, not groundwater evaporation, but that factor is not incorporated (it can be in the
LUSSM, see Part 4).
The fallow net recharges are small and a bit smaller than recharge from rice stubble. Over the 2001
to 2011 period, which included a drought, several years would have produced no recharge at all. It
also needs to be remembered these are net recharges, and some recharge would have dissipated in
between rainfall events. On this score the model has a weakness in that it cannot properly capture
this intra-time step behaviour.
Winter rainfall recharge is larger than summer rainfall recharge
Table 6 shows that those hydro-zones with the highest total net recharge are subjected also to the
largest values for modelled groundwater evaporation. The curves for groundwater evaporation
were allowed to be optimised for each hydro-zone separately. Whether or not it should have been
more consistently applied as one curve for all hydro-zones is debatable. There are pros and cons to
that argument.
The groundwater balance volumes of this section should be treated as a guideline as to what the
approximate values are. They are not claimed to be the final accurate answer. Inevitable
inaccuracies in the underlying data (average GW depth, water use data problems, weather data
variation spatially, etc) or the assumptions within the model, or the statistical nature of the model
are all potential issues. However, which model does not suffer from any of such draw-backs? Aren’t
they all dependent on assumptions to do with statistics and probability?

PREDICTED GROUNDWATER TRENDS
The discussion of this section is derived from the 2009 Annual Groundwater report, where an earlier
version of the GBBM was reported. The current version relies on 10 years data, not 19 years as for
the 2009 report. However, the treatment of the subject of prediction has not changed. As 2009 was
before the re-commencement of large scale rice growing, and also before the 2012 floods, it is
interesting to consider what predictions were made in 2009 for large changes in these factors,
especially the rice growing issue.
Figure 6 shows, for the shallow groundwater system and for large area farming areas mostly, the
observed data of average groundwater depths in the MIA versus the predicted values based on
modelling, from 1990 to 2009.
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Date
1990

1992

1994

1996

1998

2000

2002

2004

2006

2008

2010

1.0
1.5
2.0

Depth (m)

2.5
3.0
3.5
4.0
4.5
5.0

Observed
Predicted

5.5

Figure 6. Observed versus calculated average groundwater depths in the shallow groundwater zone
of the MIA, 1990 to 2008
There was an increase in rice growing during 2005/06, but during 2006/07 most of the about 5,000
ha of rice was dewatered before harvest, during 2007/08 only about 300 ha of rice was grown, and
during 2008/09 it increased again to about 3000 ha (about 30% less in the modelled zone). Crop
watering in the modelled zone was about 75,000 ML during 2008/09, compared to about 45,00ML
during 2007/08. These volumes include a small groundwater pumping component (8). Historical
water use averages before 2001 were 200,000 to 300,000 ML /year for non rice crops and the rice
areas were ten times larger. The combined effect of less irrigation resulted in the continued decline
of the average groundwater levels, as shown at Figure 6.
The standard deviation of the differences over the full period was 0.09 metres. The anomaly shown
for September 1997 and 1998 prediction is not understood but probably relates to inaccuracies in
autumn water use volume assessment.
The model coefficients were used to extend the graph for three scenarios:
1.
Rice areas remaining small (about 5000 ha), but all other factors are restored to 1990s
conditions.
2.
Rice areas and all other factors are restored to 1990s conditions.
3.
Rice areas recover to 2/3rd of previous conditions, rainfall recharge stays at 2/3rd of previous,
but other irrigation is restored to 1990s values.
Figure 7 corresponds to the third of these scenarios.
It is shown that this scenario with only 2/3rd of the previous rice area shows a considerable recovery
of groundwater levels within about 6 years, but not to the levels experienced before. Prediction
modelling for scenario 1 showed that groundwater levels would stay very low (about 4.5 metres
depth), whilst scenario 2 showed a rapid return to the 1990s groundwater levels (about 1.5 to 2.0
metres depth), as expected.
The rapid rise in groundwater of Figure 7 is significantly caused by increased percolation from rice
areas. The model results suggest that with an average watertable at 4.5 metres in the first year the
rice percolation would be about 4.5 ML/ha as an MIA average (versus the historical modelled value
8

During 2007/08 and 2008/09 in the MIA about 15,000L of groundwater was pumped from Calivil Formation
aquifers, mostly in the Gogeldrie, Benerembah and Kooba areas. These volumes are included in this data.
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of 1.7 ML/ha), meaning some fields may allow percolation up to 10 ML/ha!
Even if this is
considered too high an estimate, rice water usages over 18-20 ML/ha may be expected once again
on quite a few farms if the distribution of rice across the landscape is the same as before.
Predicted Ave GW MIA - 2009 to 2018
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
1.00
1.50

Ave Depth (m)

2.00
2.50
3.00
3.50
4.00

Observed

4.50

Predicted

5.00
5.50
6.00

Figure 7: MIA Scenario 3, with rice areas 2/3rd of 1990’s, rainfall accessions 60% of previous, but
other irrigation restored to 1990’s situation.
The rapid rises of groundwater levels predicted in 2009 have actually happened. Rice has once again
become a significant crop and the consequence is that groundwater levels have become high once
again. This of course became exacerbated by extremely high rainfall and flooding in March 2012.
The latter is outside the statistical range of rainfall events for which the model was constructed so it
cannot be expected the model would predict this added effect accurately.
An important conclusion of this section is that scenarios of perceived future irrigation land use for
different parts of the MIA may be entered into the model, resulting in a prediction of groundwater
behaviour for the area (sub-district / locality) under consideration. Superimposed on that it may
then be possible to consider what the impact of irrigation on individual paddocks would be in terms
of its interaction with groundwater in adjacent areas and the deeper groundwater system. This
impact would be in terms of soil salinity for a given land use, discussed at Part 4.
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IRRIGATION IMPACT ANALYSIS REPORT
PART 4: LAND USE AND SOIL SALINITY MODEL
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INTRODUCTION
Irrigation sustainability depends on several socio-economic and environmental factors. In the latter
group salinity and water logging are prominent risks. Water logging may be related to soil factors
only, but salinity usually involves consideration of hydro-geological factors and water and salt
movement in the soil profile to the water table.
The salinity risk is a function of the rate by which salt builds up in the soil profile, and the rate by
which it is removed by leaching processes. If artificial sub-surface drainage is not considered
generally feasible (now a common view point in the Riverine Plain of Australia), the leaching process
depends on groundwater flow to adjacent areas and/or natural deep leakage from the shallowest
zone to deeper aquifers. Groundwater flow to adjacent areas is a field or local scale process to be
studied, but deep leakage involves consideration of district scale or even regional scale groundwater
movement. It follows that both the local sale and the wider district scale processes need to be
studied. The two need to interact with each other in a useful manner. The question as to where the
two approaches meet is crucial.
Groundwater models (such as MODFLOW) have been used to examine the district wide processes
and to get a spatial distribution of key factors. These models include algorithms for groundwater
evaporation, channel seepage and rainfall/irrigation recharge, but these are fairly crude. CSIRO
made a large effort to improve on the estimation of spatial net recharge and net discharge factors,
but the results unfortunately have been disappointing and lack credibility. Soil salinity change was
not part of their approach, and instead it relied on a strong correlation between water table height
and soil salinity.
The approach of this report started in 2000 after a trip to China’s Xin-Jiang province, where a similar
model was proposed. It is very different in concept. Three models are being used together. The
Land Use and Soil Salinity Model (LUSSM) is quasi one-dimensional in scale and focuses on the
processes in a single paddock which is surrounded by adjacent land and underlain by a given
stratigraphy. The Stratigraphical Model (SM, Part 2) is regional in scale and allows the extraction of
local hydrological information regarding the Shepparton Formation. This includes the transmissivity
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of the USF, resistance to flow in the upper horizons, and deep leakage to the lower Shepparton
Formation. The Groundwater Balance and Behaviour Model (GBBM, Part 3) is used to produce data
regarding watertable behaviour in adjacent paddocks, possibly based on a range of scenarios of
crop sequences and weather patterns.
This part of the overall report focuses on the one-dimensional model from which various
sustainability questions may be addressed.

CONCEPTUAL
Whilst a number of one-dimensional models exist, it is asserted that there still is a need to get a
better model which more comprehensively includes all hydrological factors playing a role between
the land surface and the deeper groundwater system.
When irrigating a field with soil/crop combination over a series of dry, median or wet years, the
hydrology of the soil profile down to the deeper aquifers reacts in a variety of ways. There may be
runoff, soil moisture increases and decreases, there will be percolation, crops extract moisture,
there may be capillary rise from a shallow water table, the water table moves up and down, there
may be leakage to deeper aquifer, and there may be groundwater flow to or from an adjacent field.
Channel seepage or sub-surface drainage may add or remove water from the water table zone. Each
factor will cause the salt balance of the root zone (soil), the water table zone or the deeper ground
water to change, perhaps adding to an adverse trend which should be examined.
A one dimensional model cannot include the factors related to lateral flow, such as groundwater
flow out, sub-surface drainage, or channel seepage effects. Yet all these factors contribute to the
salinity hazard and should be part of any model capable of examining the inter-relationships
between all factors including soil and water table salinity. Salinity changes often are slow; hence the
model should cover a longish period of probably more than ten years.
From the above perceived needs and concepts a quasi one-dimensional model was developed with
three-dimensional features.
The regional model is linked into the field scale model in two ways. Firstly the deep leakage factor
from the shallowest aquifer to the next one down is used as input from the Stratigraphical Model.
Secondly, average groundwater behaviour derived from the district data or the GBBM is input to
represent groundwater conditions in the paddocks adjacent to the field in consideration. These may
be varied up or down if local topography suggests this mandatory. So the paddock scale model is set
in its specific general environment, so that the salinity risk and water table behaviour of that
environment may be examined.
These notes describe the methodology developed, the assumptions made, the algorithms applied
and some example outputs for typical scenarios.
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MODEL DESCRIPTION
The model is a simple daily time step addition of factors spreadsheet model, without iteration.
Three layers are recognized. The soil zone contains the root zone but may extend to about 0.7 to 1.0
metres depending on soil type, of which five are recognised. The water table zone extends from the
bottom of the soil zone to about 3 to 4 metres and contains a saturated part and an unsaturated
part. Below the water table zone an aquifer is assumed with variable characteristics. Figure 1
shows a schematic presentation including all factors which play or may play a part.

Rainfall

ET

Runoff

Root Zone

SOIL ZONE
R perc

I perc

Cap Rise

WT Zone (unsat)
Watertable

WT Zone (sat)

Tile Drainage

AQUIFER
Channel Seepage

Groundwater Out

Deep Leakage

Figure 1: Schematic Soil Water and Salt balance Model
It is shown that essentially there are two water and salt balances, one related to the soil zone and
one related to the water table zone including the aquifer. The top part of the water table zone is
assumed to be at field capacity; hence all inputs and outputs to this zone affect the height of the
water table via the value of the specific yield, which is dependent on soil type.
The following main processes occur or may occur:








Rainfall entering the soil zone of which part may percolate to the water table zone and part may
runoff depending on the soil moisture status of the soil zone.
Irrigation applications triggered by a dry soil zone (at wilting point or another trigger, dependent
on crop type) of which part may become percolation dependent on the depth to the water table
(e.g. with rice it is different).
Crop evapotranspiration governed by crop factors and accounting of the soil moisture storage in
the soil zone.
Capillary rise from the water table based on curves applicable for various soil types and the
depth of the root zone for the crop occurring at the time.
Water table level going up and down each day based on inputs and outputs, each change being
dependent on the specific yield applicable for the soil type being considered.
Deep leakage from the aquifer to deeper aquifers, subject to gradients between the water table
and the groundwater level in the deeper aquifer (Calivil Formation in the Riverine Plain).
Groundwater flow out from the field in question to adjacent fields subject to aquifer
transmissivity, the gradient between water table depth in the field, and piezometer levels in the
adjacent field. The latter may be based on monitored district groundwater levels or perceived
levels based on the cropping rotations in the adjacent fields.
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Channel seepage into the aquifer subject to channel characteristics (permeability, wetted
perimeter, spacing between channels) and aquifer flow beneath the field in question.
Sub-surface (tile) drainage to control groundwater levels and salinity when the water table is
within for instance 1.8 metres from the surface, subject to soil permeability and other factors.

The latter two factors do not have to be part of the model, but are useful if for part of the hydrozone under consideration channel seepage is a significant factor, or when examining horticultural
crops in high groundwater situations where sub-surface drainage is considered feasible.
The salinity aspect is important for sustainability of irrigation. Salt is part of the water movement of
each of the above factors. It is assumed salt moves at the same speed as the groundwater (it may
actually be different for some ions in situ). The salt content of each of the zones is being accounted
for each day. However, an additional process has been added to the model to avoid having to
assume instant mixing in the model as water enters the water table zone, the aquifer, or the soil
zone. As percolation moves from the soil zone into the water table zone on a particular day, a lens
with salinity from the soil zone is assumed to develop on top of the water table zone, displacing the
(possibly) more salty water table groundwater. This lens may grow in thickness until capillary rise
starts to dominate once again, using up the lens until exhausted. After this the more salty water
table zone groundwater may move into the soil zone until percolation increases again, etc.
Instant mixing of salinity from day to day is assumed within the lens described.
A similar feature has been added at the bottom of the water table zone within the aquifer,
preserving the original salinity of the water table zone.
Crop types are entered in the model on a monthly basis over 15 years, creating a huge variety of
potential crop sequences. Nine land uses have been included in the model to date (citrus, grapes,
drip vines, rice, wheat, winter pasture, vegetables, maize, fallow). Crop factors are similar to those
used by CSIRO for similar models (see Appendix 1).
Weather data in the model consist of CSIRO Griffith daily rainfall and evapotranspiration data. Any
sequence of years between 1990 and 2010 may be picked for the 15 year cropping cycle, allowing
for the picking of dry, wet, and median years.
The soil types chosen include Transitional Red Brown Earths (TRBE), Red Brown Earths (RBE), Self
Mulching Clays (SMC) and non-Self Mulching Clays (NSMC). Since TRBE’s and SMC’s often occur as
an association in the field, an intermediate soil type may also be used in the model, identified by the
proportion of SMC within the mix (where known, soil maps of Coleambally and Kooba show it is
often 10-50%). The soil data are similar to those used by CSIRO for similar models. Some key
features are tabulated in Appendix 1.

HOW IT WORKS
The Soil Water and Salt Balance Model consist of inter-linked EXCEL spreadsheets. Six data sheets
contain the climatic data (Griffith CSIRO), soil data for five soils, crop evaporation data for nine crops
(more can be added), aquifer data such as transmissivity and leakage rate/year, capillary rise data
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for the nominated soils and groundwater level data for the various MIA sub-districts. This data is
used in the model spreadsheet, where on a daily basis the procedure is generally as follows:


















Identify beginning of day water table depth, soil moisture content, salt content of the soil zone
and water table based on the previous day's end (or data set for first day).
Add rainfall to the soil moisture store less any runoff which may have occurred.
Deduct the evaporative demand by crops based on evaporation data and the crop factor within
the limits of field capacity and the dry end of the moisture range (crop stress).
Add irrigation to the soil moisture store if a specified depletion has been reached (say 70 mm
less than field capacity). If there is rice the soil will be kept at saturation. For non-rice, add an
excess irrigation factor. This factor is a measure for irrigation efficiency.
Calculate the percolation volume based on how much the soil moisture content exceeds field
capacity. If the water table has already risen to within the soil zone, this value is reduced.
Calculate the interim soil moisture content.
Determine capillary rise from lookup tables based on the distance between the water table
depth and some point within the root zone (eg. two thirds down). Correct this value for dryness
of the soil moisture store, or wetness (at both ends capillary rise will be less than optimal).
Alternatively, calculate a direct water table evaporation effect if the water table is within the
root zone.
Determine deep leakage based on water table depth, pressure in the deep aquifer and a
standard deep leakage rate for the sub-district where the field is located (from another model).
Determine lateral groundwater flow based on size of field, length of perimeter, aquifer
constants (semi-confined aquifer assumed), water table depth and water table conditions in the
adjacent field(s) (eg. sub-regional water table).
Determine sub-surface drainage if such drains play a part.
Determine channel seepage contribution to the water table based on assumed wetted
perimeter, bed hydraulic conductivity, spacing between channels, water table depth and aquifer
constants.
Add all factors together to assess the water table depth and soil moisture store for the end of
the day.
Determine the values of soil and water table salinity as part of the above sequence of
calculations, including the salinity of the percolation lens described.

The algorithms and data for the various key processes are described in Appendix 1
The daily values in the model over fifteen years are summarised as monthly averages or sums, and
these results are graphically displayed in five graphs:
1. The water table behaviour over fifteen years
2. The behaviour of soil moisture over fifteen years
3. The changes in soil zone salinity and water table salinity over fifteen years for the scenario
modelled.
4. The variations in irrigation related volumes such as evapo-transpiration, rainfall, irrigation
volumes.
5. The variation in soil zone related fluxes such as irrigation and rainfall percolation and
capillary rise.
6. The variation in water table zone fluxes such as deep leakage, groundwater outflow, channel
seepage, sub-surface drainage and capillary rise.
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The management of the model is from the "CONTROL" sheet, which allows changes in key input
parameters such as crop type, soil, weather data years, transmissivity, the initial depth to water
table in the field in question, piezometer data, the standard deep leakage rate, irrigation excess
percentage, and the year that sub-surface drainage is installed. By varying one or more key
parameters and re-calculation, the outputs change. Examination of the graphical outputs provides
an insight as to how each key input factor changes the result. Several variations of the same general
scenario may be saved into one graph of for example soil salinity change.

POTENTIAL
It is suggested the Soil Water and Salt Balance model may be used for the following purposes:







To examine the effect of ground water flow to or from the field in question on soil salinity and
water table depth.
To examine the effect of deep leakage on soil salinity and water table depth in the field in
question.
To assess typical water table depth behaviour for various crop soil / combinations for typical
irrigation management conditions (runoff, % percolation).
To assess the balance between percolation and capillary rise under typical conditions in which
ground water flow and deep leakage are not significant.
To determine the change in recharge and capillary rise if the irrigation management (% runoff,
excess=percolation) was different from the norm (typical).
To determine the effects of sub-surface drainage and/or channel seepage superimposed on the
above.

Many of the above purposes relate to the issue of “sustainability”, or the question as to the field in
question in its environment may be used long term without undesirable impacts. As such the model
is believed to have potential. The results produced are generally believed to have significant
credibility. However, as is the case with most models of this kind, the credibility would be
enhanced greatly if the results were compared to field data. This is lacking with the model at this
time. If water table, soil salinity, and crop data were available for specific sites over a number of
years, these could be used to test the various factors and parameters in the model and learn about
the accuracy of the assessed interrelationships.
The model may be further improved by conversion into a FORTRAN code. Whether iteration of the
daily time step is necessary is debatable.
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EXAMPLES

The following cropping scenarios subject to various conditions were recognized.
1. Citrus with and without sub-surface drainage
2. Typical rice rotation with other crops
2.1. Effect soil types
2.2. Effect deep leakage
2.3. Effect groundwater flow to adjacent fields
2.3.1. Low transmissivity
2.3.2. Higher transmissivity
2.3.3. Land use in other fields
3. Rice rotation followed by drip vines
3.1. Effect soil type
3.2. Effect deep leakage
3.3. Effect groundwater flow to adjacent fields
3.3.1. Low transmissivity
3.3.2. Higher transmissivity
3.3.3. Land use in other fields
The above scenarios represent various conditions in the MIA. Soil types in large area farms are
mostly TRBE, sometimes with a proportion of SMC, which may be variable within sub-districts.
Deep leakage rates vary from little in the northern sub-districts to over 30mm/year in parts of the
southern sub-districts. These variations have an effect on water table depth and soil salt content.
The effect of land use in adjacent fields has a complex interaction with what happens in the field
itself. If adjacent land use is more intensive, and includes more rice, then groundwater levels will be
higher, which may have an effect on the field in question, dependent on aquifer transmissivity (and
the vertical resistance in the overlying clays).
Scenarios 2.1 and 3.1 were separated out, giving 5 sections for discussion, see below. Results are
mostly in graphical form.

1. Citrus with and without subsurface drainage
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SOIL SALINITY TREND FOR TWO SCENARIOS
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The rainfall factor in these graphs is for a range of years, causing much of the fluctuation shown.
The RBE soil type was used for this scenario, and over-irrigation set at 15%. Deep leakage and the
effect of groundwater flow from the adjacent field were set in minimal mode. It is shown water
table levels after year 6 (installation date sub-surface drainage) have lower high peaks, and soil
salinity was reduced from an upward trend to an improving trend.

2. Typical rice rotation with other crops - Effect soil types

Year
July
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
April
May
June

1
P
P
P
P
R
R
R
R
R
W
W
W

2
W
W
W
W
W
F
F
F
P
P
P
P

3
P
P
P
P
F
F
F
F
F
P
P
P

4
P
P
P
P
R
R
R
R
R
F
F
F

5
F
F
F
F
M
M
M
M
M
F
F
F

6
F
F
F
F
M
M
M
M
M
F
F
F

7
F
F
F
F
R
R
R
R
R
W
W
W

8
W
W
W
W
F
F
F
F
F
W
W
W

9
W
W
W
W
M
M
M
M
M
F
F
F

10
F
F
F
F
R
R
R
R
R
W
W
W

11
W
W
W
W
F
F
F
F
F
P
P
P

12
P
P
P
P
M
M
M
M
M
F
F
F

13
F
F
F
F
R
R
R
R
R
F
W
W

14
W
W
W
W
F
F
F
F
F
F
F
F

15
F
F
F
F
M
M
M
M
M
F
F
F

Note: R=rice, W=wheat, P=pasture, F=fallow, M=maize
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SOIL SALINITY TREND FOR TWO SCENARIOS
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The effect of deep leakage and lateral groundwater flow were set to minimal values. For TRBE
soils the groundwater levels in this scenario tend to be higher, but due to lower capillary rise
rates the salinity outcome is more favourable than for soils with 30% SMC.
(Note: 600 ppm is about 2 dS/m in an ECex for clay soils).
The reason soil salinity increases during years 5 to 10 is low rainfall. This is a feature of the
selection process of climatic data years (these years actually represent 2003-2008). For year 1115 of the modelling period higher rainfall years were picked, for instance years 12 and13 were
1993/94 (607mm) and 1992/93 (518mm). Years 14 and 15 of the model were drier again.

3. Typical rice rotation with other crops - Effect deep leakage and lateral flow
Water Table Behaviour Two Scenarios and Adjacent Field
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The same cropping and climatic inputs were used as for example 2. All situations refer to TRBE
soils with a 25% SMC component. For the water table graph only two variations are shown, one
with very little deep leakage and lateral flow (low T), and one for higher values for both these
two factors. The other variations in water table levels, as indicated by the soil salinity graphs,
are mostly in between these two extremes.
The highest salinity increases occur when both deep leakage and lateral flow is minimal. This
appears to be leading to unsustainable conditions. However, when both these factors are high
(DL=30mm/year, T=10m2/day), or when the lateral flow component is high, but deep leakage
low, then soil salinity at year 15 is not higher than at year 1. This applies also, but to a lesser
extent when deep leakage is high but lateral flow is low.
The fifth variation is for the situation where the groundwater level in the adjacent fields is 0.6m
lower than for the other variations. This increases lateral flow and salinity drops over the 15
year period even though deep leakage was set at a low value.
The water level in the adjacent field varied over a narrow range, and remained below 1.5
metres. This behaviour corresponds with reasonably intensive irrigation land use, but without
the inclusion of rice. During the growing of the five rice crops over the 15 years significant
lateral flow (in the order of 200 mm/year) occurred to the adjacent fields when transmissivity is
not low (10 m2/day). This flow is transferring salts away from the modelled field, probably at
the expense of the adjacent field’s sustainability. This seems to lead to the conclusion that rice
rotations need to be maintained over all land, as has been the practice in the MIA.
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4. Rice rotation followed by drip vines – No rice in adjacent fields
Year

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

July
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
April
May
June

P
P
P
P
R
R
R
R
R
W
W
W

W
W
W
W
W
F
F
F
P
P
P
P

P
P
P
P
F
F
F
F
P
P
P
P

P
P
P
P
M
M
M
M
M
F
F
F

F
F
F
F
R
R
R
R
R
W
W
W

W
W
W
W
F
F
F
F
F
W
W
W

W
W
W
W
R
R
R
R
R
W
W
W

W
W
W
W
M
M
M
M
M
F
F
F

F
D
D
D
D
D
D
D
D
D
D
D

D
D
D
D
D
D
D
D
D
D
D
D

D
D
D
D
D
D
D
D
D
D
D
D

D
D
D
D
D
D
D
D
D
D
D
D

D
D
D
D
D
D
D
D
D
D
D
D

D
D
D
D
D
D
D
D
D
D
D
D

D
D
D
D
D
D
D
D
D
D
D
D

Note: R=rice, W=wheat, P=pasture, F=fallow, M=maize, D is Drip vines
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For this scenario the climatic years were changed to get a more even distribution of wet, dry and
average years. The soil type TRBE was selected with a 35% SMC component, assuming most
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landholders select their better clay soils when they want to grow drip vines. Three crops of rice
are grown in rotation after which drip vines are introduced in year 8.
A similar distinction between variations occurs as in the previous example. The same general
conclusions seem to exist. In none of the cases displayed does the drip vines land use further
increase soil salinity.
When deep leakage is high and lateral flow little, the salinity goes up under the rice rotation land
use but stabilizes after drip vines are introduced. Whether this is a climatic effect or a cropping
effect is not certain. The sharpest increase in salinity occurs after the rice crop of year five, but
the largest drop also occurred after a rice crop - year 7. Another explanation exists for the
tapering off of the salinity increases; it is possible that some equilibrium between salt
accumulation and leaching is being reached after year 10-15.
When deep leakage is low and lateral flow transmissivity is high, the salinity still goes up when
the water table in the adjacent fields is high as well (3rd variation), but when groundwater is low
in the adjacent field as well (variation 5), then the most suitable salinity outcome is achieved for
this field, even though deep leakage is low in both instances.
The discussion indicates that the effect of lateral groundwater transfer may potentially be more
significant than the effect of deep leakage. The conclusion is that lateral groundwater transfer
effects must not be ignored. Of course, when the adjacent fields have deep groundwater levels
and these are being sustained for the sub-district under consideration, then the situation is
sustainable as there are no concerns for the adjacent fields. This scenario is likely to only occur
when deep leakage rates are high for the whole of the sub-district.

5. Rice rotation followed by drip vines – Rice growing in adjacent fields

Water Table Behaviour Two Scenarios and Adjacent Field
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What happens when the adjacent fields are subjected to more frequent rice growing and vines
are introduced in the field being considered? Scenario 4 did not answer this question, hence it
is being considered here. The same soil type is used and the same variations for deep leakage
and transmissivity, but the gradients from this field to adjacent fields are more frequently
negative, as shown in the water table graph.
The salinity trend is most favourable when there is very little lateral flow but deep leakage
significant. A deeper average groundwater level in the adjacent field also helps (variation 5).
This would occur in many sub-districts of the southern part of the MIA. For the first three
variations however the salinity trend is upward over the whole period, and it is noticeable that it
continues for the period with drip vines as well (year 8-15). This contrasts with scenario 4 when
no such trend was detected. The climatic years picked were the same.
If any salinity level above 600 ppm (ECex = 2dS/m) is considered too high, then the land use
change to drip vines should be discouraged where groundwater is persistently high, there are
sandy strata below the field, and deep leakage is not high.
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PART 4 - APPENDIX 1. DETAILED DESCRIPTION
OF PROCESSES AND DATA

A.

MODEL FACTORS

Field
Field size
Field perimeter
GW flow rate
GWout field
GWout field

hectares (ha)
follows from size if for instance a square field assumed
per metre perimeter for a unit WT depth difference, Transmissivity,
vertical resistance overlying clays (H, T, c, see below)
Flow across whole perimeter per metre head difference
Expressed as mm/day over field after multiplying with head
difference

Crop
Crop Type
Crop Factor
Root zone

CF
RTZ depth varies between crops. Mainly used for assessment of
capillary rise

Irrigation
Deficit
Max deficit
Irrigate When%

Irrigation%
Over Irrigation %

Soil Moisture deficit below Field Capacity
Defined for each soil
Proportion of deficit used before irrigation is triggered. Depends on
crop and irrigation system (usually 100%, but less for e.g. drip
vines)
Proportion of “Irrigate When%” which will be applied to the soil
(less than 100% for drip vines)
Defined % of over irrigation which may lead to percolation.
Usually about 8=10%, but may be more or less dependent on
irrigation system.

Climate
Rainfall
Evapotranspiration

R
ET

Aquifer
Transmissivity
Hydraulic conductivity
Vertical Resistance clays

T m2/day
k m/day
C. A semi confined aquifer situation is assumed. The superficial
clays have a resistance to vertical flow from the WT to the aquifer
(days)
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Thickness clays above aquifer
Aquifer Salinity
Depth Calivil GW level
Deep Leakage rate
gradient
Piezometer level
Piezometer correction

Soil
Soil Type
Soil depth

WT max depth
Soil k
Soil BD
Soil salt concentration
Soil moisture %
Soil Moisture% Min
Field Capacity
Saturation %
WTg/L
Specific yield
ECex
Capillary Rise curve

D (saturated part)
g/L
Pressure level in Calivil Formation (m). Input from district data.
From upper aquifer to next deeper aquifers– mm/year/10m
Groundwater depth in adjacent field, daily values. May be derived
from historical records or contrived, e.g scenario modelling
Correction applied if the part of the sub-district considered is
different from the average, e.g. the field in question is relatively
more, or less elevated.

TRBE, SMC, combination TRBE/SMC, NSMC, RBE
Soil depth used for assessment of soil moisture volumes and salt
content accounting. Varies between soil types. Not to be confused
with “root zone” which varies between crops.
Depth to which water table may drop (e.g. 5 metres). This defines
the depth of the WT zone.
Hydraulic conductivity of soil
Soil bulk density. Varies between soil types
SOIL g/L in soil moisture
SM%, by volume
Minimum to which it is allowed to drop
FC
SAT% saturated moisture percentage for soil
Salinity in water table layer
SY. Varies between soil types. Moisture removed or
added for each unit of water table change.
soil salinity saturation extract (mS/m)
Capillary rise for when water table at certain depth below
2/3rds of depth root zone. To be corrected for soil moisture content
of soil via a lookup table.

Surface and Sub-surface Drainage
Surface Drainage %
Applies for when rainfall exceeds a certain value and soil at
saturation percentage. Not critical for model.
Drainage D
Depth of sub-surface drains (horizontal)
Drainage L
Spacing between drains
Drainage k
Hydraulic conductivity soil at drain depth
Drainage IL
Depth of impermeable layer (if any)
Drainage T
=k*D
Drainage q
flow mm/day over the area protected from drains
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Canal Seepage
Canal P
Canal H
Canal k
Canal D
Canal T
Canal L
Canal q

B.

MAIN PROCESSES

B1.

Rainfall

Canal wetted perimeter
Height water level in canal above land surface
permeability of bed
thickness of less permeable layer in canal
Transmissivity of aquifer near canal (may be same as above)
Spacing between canals
Rate of seepage from canal, which may be converted to mm/day
over land area

Rainfall occurring on any day is checked against the soil moisture percentage of the soil zone. The
volume above field capacity may result in percolation if the water table is below the root zone.
When there is rice there is no percolation from rainfall. A proportion of the rainfall is removed by
surface drainage once the soil is saturated.
B2.

Irrigation Applications

The soil zone dries out due to crops extracting moisture. Each soil type has a maximum extraction
below field capacity. Once this trigger (or a proportion of this, depending on crop type – Irrigate
When %), irrigation occurs replacing all or part of the soil moisture deficit, again depending on crop
type (Replace%). An over-irrigation percentage is applied as well, also depending on irrigation
method (crop type). This variable feature using an input table may represent various irrigation
efficiency improvements, e.g drip irrigation, furrow versus flood, etc.
With rice this works the same way, except the over-irrigation rapidly raises the water table to the
soil surface, after which the irrigation excess volume becomes a factor of deep leakage, and GW flow
out.
B3.

Crop Evapotranspiration

Crop evapotranspiration is governed by crop factors and accounting of the soil moisture storage in
the soil zone. The rate of crop ET is assumed to not vary with the soil moisture depletion volume
(should this be adjusted?).
B4.

Depth to Water table

The water table level going up and down each day is based on inputs and outputs, each change
being a function of the specific yield applicable for the soil type being considered (the unsaturated
zone between the soil and the water table is assumed to be at field capacity).
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B5.

Deep Leakage

Deep Leakage occurs if the groundwater level in deeper aquifers is below the level of the water
table, and the aquitard (intermediate clay layers) has a non-zero hydraulic conductivity. The value of
deep leakage should be derived from pumping tests of the deep aquifer or regional flow models. In
the Riverine Plain the standard rate of deep leakage often has been expressed as mm/year/10
metres head difference.
For this model the groundwater level in the Calivil Formation is input (from regional data analysis),
and the deep leakage each day depends on this level and the depth to the water table multiplied
with the standard rate.
B6.

Groundwater Flow Out

If there is an aquifer beneath the field and the groundwater levels in the field and the adjacent fields
are not the same, a groundwater flow will occur. This is an outward positive flow if the levels in the
adjacent field are deeper.
The rate of flow depends on many factors including size of field, transmissivity of the aquifer,
resistance to flow through clays above the aquifer, and the head difference.
For head difference the difference between the field water table and the groundwater level in the
adjacent field is used. All surrounding fields are assumed to be the same in that regard. Its level
may be simulated as a sub-district groundwater level, derived from district groundwater level data,
or a deviation from that up or down dependent on local topography. Historical data may be used, or
perceived groundwater data based on a future cropping scenario (which may be different from the
field of the model).
The size of the field determines the perimeter. A square field or other shape may be assumed. A
round field gives the smallest perimeter. Whilst artificial, this may not be a bad choice since the flow
equation below assumes an infinite distance of flow to and away from the boundary, and that
assumption would not apply near square corners of the field (note: with 50ha fields the fetch is
about 350 metres, which causes the difference with the infinity assumption to be small).
The flow equation is based on the following: q = h * SQRT (T/c), an equation based on analytical
modelling of flow from one field to another, with groundwater assumed horizontal in each field
(Dutch polder situation). The flow rate for unit head difference as mm/day over the field size is
calculated in the “aquifer” spreadsheet, and used in the model spreadsheet by multiplying the unit
flow each day with the actual head difference (h).
Groundwater flow can be a significant factor when the land uses of the field in question and the
adjacent field are not the same and the aquifer has a significant transmissivity, say 10m2/day or
more.
B7

Channel Seepage

Channel seepage may be a significant factor but its effect is not easy to assess. The seepage has to
pass the bed of the channel to reach the aquifer. This involves a certain head loss. Subsequently the
seepage has to spread over the land between channels, and this is dependent on the presence and
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characteristics of an aquifer. Finally, the seepage has to move up through superficial clays to reach
the water table. This makes for three component head losses in the total available. Only the first
two are considered here. The two head losses combined are assumed to make up the total available
head between the channel water level and the depth to groundwater in the field.
The rationale is as follows. If the transmissivity is very low, the seepage may not spread over the
whole area, but remain confined to a strip of land next to the channel. If the channel has a very low
permeable bed, there will be little seepage and the presence of an aquifer with high T makes no
difference. The following simplifications are assumed:
The flow through channel bed may be estimated with: q = h1 * P * k / D, reflecting the effect of the
wetted perimeter, hydraulic conductivity and thickness of the channel bed.
The flow through the aquifer may be estimated with an inverse horizontal sub-surface drainage
equation (Hooghoudt): q = h2 * 8 * T / L2 *L , in which L is spacing between channels, and T
transmissivity.
Note: The use of separate equations for different parts of the same flow, thereby using up all the
available head was common in analytical flow analysis of sub-surface drainage solutions, e.g
Wesseling in “Drainage principles and Applications”, ILLRI publication 16, 1974.
Combining for q gives:
h2 = P * k / D / (P * k / D + 8 * T / L )
and
h1 = 8 * T / L / (P * k / D + 8 * T / L ),
from which q can be determined for a unit head difference, and then daily in the model.

This set of equations is approximate, but limits seepage when the transmissivity is low, and/or when
the channel bed is of low permeability, which is relevant in both instances. As such it is considered
an improvement on many groundwater models which only use the first equation.
B8.

Sub-Surface Drainage

Sub-surface drainage is relevant for those situations where it can be safely installed, without adverse
water quality impacts downstream. In the MIA about 10,000 ha are tile drained, but this area no
longer is allowed to increase. The design of subsurface drainage is based on analytical models, a
typical equation being: q= 8 * h * T / L2 (Hooghoudt)
The basic equation for unit head is calculated in the soil spreadsheet and multiplied on a daily basis
in the model spreadsheet.
Sub-surface drainage rates in the MIA typically are designed to achieve in the order of 2.5 – 5.0
mm/day when the water table is about 1.4m above drain level. Similar target rates are applied in
this model.
The model runs for 15 years with a crop such as citrus or grapes. The effect of various conditions
may be examined without the sub-surface drainage option, and subsequently it may be switched on
at a particular year, for instance year 8, to see what the effect is on water table behaviour or soil
salinity for the rest of the 15 year period.
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C

DATA USED

Soil Data
FACTOR
Depth Soil zone
Depth WT upper
Depth WT lower

TRBE
0.8
0.00
5

SMC
1.2
0.00
5

NSMC
0.8
0.00
5

RBE
1.2
0.00
5

Bulk Density
Init WT salinity
Field Capacity Rootzone
Saturated Moisture %
Drainable Porosity

1.55
2.00
0.35
0.40
0.05

1.40
2.00
0.39
0.46
0.07

1.55
2.00
0.35
0.40
0.05

1.50
2.00
0.34
0.42
0.08

kg/L
g/L
By Volume
By Volume

Irrigate when deficit is max
Init Soil Moisture %
Minimum Moisture

70
0.30
0.24

80
0.34
0.27

70
0.30
0.24

80
0.29
0.22

mm
%/100
%/100

Drainage
Surface Drainage %
Subsurface Drain Depth
Drain Spacing
Permeability Subsoil
Depth Imp Layer
Transmissivity Dr Layer
8kD/L2

0.07
1.8
20
0.04
5
0.13
2.56

0.07
1.8
30
0.10
5
0.32
2.84

0.07
1.8
20
0.04
5
0.13
2.56

0.07
1.8
40
0.20
5
0.64
3.20

%/100
m
m
m/day
m
m2/day
mm/day

m
m
m

Crop Factors
Month
1
2
3
4
5
6
7
8
9
10
11
12

Maize

Wheat
0.8
1.0
1.0
0.8

0.5
0.7
0.7
0.7

Rice

1.1
1.1
1.1
1.1
0.7
0.3
0.4
0.6

Fallow
0.3
0.3
0.3
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.3
0.3

Pasture Drip Vines Vegies
0.7
0.8
0.8
0.35
0.6
0.4
0.4
0.5
0.5
0.55
0.6
0.55
0.65
0.45
0.65
0.4
0.6
0.3
0.3
0.5
0.7

82

Citrus
0.4
0.4
0.5
0.5
0.6
0.6
0.65
0.65
0.6
0.6
0.6
0.5

Grapes

0.35
0.45
0.55
0.65
0.6
0.5
0.4
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Capillary Rise
Max. Capilary Rise of North Riverina Soils
8.00

CR Rate (mm/day)

7.00

6.00
TRBE

SMC

5.00

NSMC

RBE

4.00

3.00

2.00

1.00

0.00

0

0.4

0.8

1.2

1.6

2

2.4

2.8

3.2

Depth below Rootzone
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3.6

4

4.4

4.8
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IRRIGATION IMPACT ANALYSIS REPORT
PART 5: IRRIGATION SUSTAINABILITY DISCUSSION

CONTENTS
INTRODUCTION
DEFINING SUSTAINABILITY CRITERIA
PRODUCING A LAND CAPABILITY MAP
RICE LAND SUITABILITY CRITERIA
POTENTIAL SEEPAGE FROM RICE LANDS - CROP COMPATIBILITY ISSUES
APPENDIX 1: Groundwater Maps 1999-2001
APPENDIX 2: Analytical Rice Seepage Model
APPENDIX 3: Alternative Result Maps

INTRODUCTION
Irrigation sustainability can refer to economic, environmental and physical aspects. The landscape
may suffer from problems with flooding, water logging, soil physical issues related to high sodicity,
soil salting and soil acidity. This report focuses on the issues related to soil salting and waterlogging
and therefore does not claim to be all-encompassing.
Three models have been presented to help with defining constraints in the landscape which may
affect sustainability from this viewpoint. The Land Use Soil Salinity Model (LUSSM), for a paddock
scale, can identify the general conditions which may be conducive to increasing salinity trends over
15 years for a set land use situation. The factors T, C, deep leakage and depth to groundwater in
adjacent farms together are the key factors determining this trend. The depth of groundwater in
adjacent farms may be compared to the local hydro-zone groundwater conditions. The
Groundwater Balance and Behaviour Model (GBBM) is capable of simulating groundwater behaviour
and predicting groundwater depth trends for a specified land use, in which the proportion of land
under rice, the weather patterns and deep leakage from USF to LSF are important factors. This
model therefore supports the LUSSM by predicting an average groundwater depth for a given
situation. Finally, the Stratigraphical Model (SM) provides spatial distributions of the permeability
of various layers, translated into values for transmissivity T and resistance for flow C vertically
through a layer. The SM supports both the GBBM and LUSSM models by providing essential inputs.
The question of sustainability needs to consider all three scales; what is the regional pattern of
hydro-geological factors such as deep leakage (if any) or transmissivity, how is groundwater likely to
behave sub-regionally based on a given general land use, and what is the likely soil salinity outcome
for a paddock with a specific land use in an area where groundwater behaviour is determined by its
sub-regional conditions?
The Stratigraphical Model information in some respects already provides an indicator to answer
general sustainability questions, as will be discussed. The GBBM and LUSSM are additional tools to
consider specific aspects for specific locations and hydro-zones. It is important that these sub84
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regional issues are examined in some detail, but in this report the general conditions in the MIA
based on the SM will be the focus, especially what this might mean for irrigation sustainability.
In Part 2 of the report a number of potential applications of the SM were mentioned. These include:
1. Land Capability Assessment based on hydro-geological features
2. The rice land environmental management policy
a. Rice land suitability assessment
b. Potential rice land seepage to adjacent land criteria
These aspects will be discussed in subsequent sections. It is assumed the reader is familiar with the
general groundwater conditions in the MIA, for instance by having perused annual groundwater
reports of the last few years.

DEFINING SUSTAINABILITY CRITERIA
Water percolating through the surface layers to possibly 9 metres may reach an aquifer system
through which it may move laterally. It is assumed this (USF) aquifer system (where at all present), is
somewhere in the 6 to 13.5 metres range. If there is no aquifer at that depth water has to percolate
deeper, to the LSF or become part of a “perched” groundwater system. The leakage through the
layers between the USF and LSF is called “deep leakage” in Benerembah. In the Yanco and Kooba
area where the difference in groundwater levels between USF and LSF is less, the deep leakage is
defined to be from the USF to the Calivil Formation, of which groundwater records also exist (see
Part 3). Deep leakage reaching the LSF or the CF may move laterally away to other regions, possibly
outside the MIA to groundwater pumping bores.
The determining factors controlling these processes are the factors of the Stratigraphical Model, C06m for surface percolation, T6-13.5m for USF transmissivity, and C13-23m for deep leakage (Part 2).
For the latter the head difference between LSF and USF is also relevant (9).
If all these factors indicate low permeability, salting at the micro and field scales can eventually be
serious in the absence of leaching to deeper layers. The soil profile is likely to contain a lot of salt
even before irrigation commenced decades ago and this salt is becoming mobilised. The leaching
requirement is only small for a sustainable system to exist, however if leaching is near zero there is a
potential problem, which can only be managed by growing tolerant crops (including rice) or by using
sub-surface drainage and appropriate safe disposal of the effluent.
At the larger scale (field, local, regional) salting processes may cause percolating water from
irrigated fields to be conveyed to other locations via the USF and LSF aquifers, where it may cause a
problem. The remote location may be the adjacent field, a depression or creek line nearby, or an
undefined location further away. The irrigated field is sustainable as salt is being removed but the
remote location may suffer harm. Depending on the values of the T (USF) and T (LSF) or T (Calivil),
but also the C values of intermediate layers, the distance of travel may be more or less, and the
volume involved may be acceptable or not acceptable.
9

Other but similar C and T values could be considered.
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At the field scale the process may be reversible by rotating crops including rice, but at the local or
regional scale the process is not reversible. The volume of flow to the remote location needs to be
within acceptable limits (if such a value can be defined). A volume of flow is more acceptable if the
groundwater salinity is low. That is not often the case within the MIA, but may be considered for
some hydro-zones (e.g. Koonadan).
Superimposed on the physical environment is the local hydro-zone depth to groundwater. The
GBBM has shown that if irrigation intensity (including rice) of a hydro-zone is lower, then
groundwater levels will be deeper. In such a situation groundwater is likely to move from a more
intensively irrigated field to adjacent areas and beyond. On the other hand, if the irrigation
intensity of a hydro-zone is higher, and the irrigated field considered has a low irrigation intensity, or
has an irrigation system involving less percolation (e.g. drip), then there is a good chance that there
will be movement to the field in question and salinity may develop. It all depends on the
combination of groundwater depth, T and C. The LUSSM has potential to define under which
conditions the one process or the other will occur.
Under high groundwater conditions the swinging balance of flow in either direction may more
quickly result in undesirable consequences than with deep groundwater conditions. That is because
capillary rise processes are more rapid under high groundwater conditions (say WT < 1.5 metres). If
groundwater is high the permeability of T and/or C needs to be low to avoid rapidly deteriorating
conditions.
This applied to the field scale of salting processes. With local or regional salting processes it was
mentioned that the volumes of lateral flow should be kept within (low) acceptable limits. This
implies that to avoid those processes C values should be high (low permeability in surface layers and
between USF and LSF) and T (USF) and T (LSF) should be low. A higher T may be partially
compensated by lower C values of the overlying layer.
On basis of the above, in the MIA six general situations were formulated (more are possible):
1.

2.

3.

4.

5.

Stratigraphy of low permeability throughout. This condition will involve flood irrigation.
The soils are of very low permeability, and there are no underlying aquifers to speak of.
These soils may be used for irrigation, but leaching is so low that salinity issues may exist.
Rice growing is almost a requirement for the successful management of these areas.
Stratigraphy of low permeability near the surface, but there is a more transmissive aquifer.
Flood irrigation is the likely irrigation method. There is sufficient but not too high resistance
to vertical flow in surface layers and aquifer transmissivity is not excessive. Rice growing is
feasible, probably in rotation with other crops.
Stratigraphy is of low permeability near the surface, and there is a transmissive aquifer.
Flood irrigation will be used. Because of the transmissive nature of the USF aquifer rice
growing may be discouraged.
Stratigraphy is of medium permeability near the surface, and there is a transmissive aquifer.
These situations will allow high percolation with flood irrigation. Rice restrictions are
appropriate.
Permeable surface soils, but the aquifer and stratigraphy below is of low transmissivity.
Better irrigation techniques are required, as well as sub-surface drainage. There may be
lateral seepage through surface layers dependent on slope. Rice growing is not feasible.
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6.

Permeable surface layers and transmissive underlying conditions. Better irrigation
techniques are required. Flood irrigation or rice growing is not feasible. Furrow irrigation
should be discouraged.

The above six general land categories do not exclude any land for irrigation capability, but there
clearly ought to be variation in management in terms of land use and irrigation methods.
Having set these six possible conditions it is necessary to define what values of T and C would be
conducive to salting processes developing. In setting these parameters it is assumed that the
general groundwater level conditions are relatively high, on average about 1.5 – 2.0 metres from the
surface in the USF. Of course, if a hydro-zone records this type of average, then a proportion of the
land may have much higher groundwater levels.
Running of the LUSSM has found that with T values of about 1 m2/day or less the lateral flow to
adjacent areas is usually small. Similarly C-values below 800 may contribute to percolation if the
transmissivity is not too small. On that basis Table 1 was tentatively compiled as far as the T and C
criteria for sustainability mapping based on the above six categories is concerned.
Table 1: Defined stratigraphical conditions in the MIA and corresponding selected values for T and C
Stratigraphical
Condition
1

T value range
USF aquifer
T<2

2

C value range
Surface layer
C 800-2000
C > 2000
C > 2000

3

C > 2000

T >4

4

C 800-2000

5

C < 800

T 2-4
T >4
T< 2

6

C <800

T 2-4

T 2-4
T>4

Many more than six stratigraphical / land suitability categories could be defined if the C 13.5-22.5
metres layer variation, the LSF/USF head difference, or other factors such as slope values are
included. This is being ignored for the present as deep leakage is small in most of Mirrool /
Benerembah, as confirmed by the GBBM (Part 3). The alternatives are potentially relevant
depending on what type of questions is to be answered. This report just provides an example and is
not intended to be all inclusive. It is also believed these types of assessments should be kept simple
and seen as an aid to sustainability evaluation, never as a sole determinant. After all, these models
are only as good as the under-lying assumptions and goodness of data.

PRODUCING A LAND CAPABILITY MAP
Table 2 shows the average C and T values found for the hydro-zones defined in Part 2: Stratigraphical
Model. It may be noticed only the Mirrool / Benerembah hydro-zones are considered. Many of the
Yanco area hydro-zones would behave similarly as Kooba NW and Kooba South.
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Table 2: Average assessed transmissivity (m2/day) and resistance to vertical flow (days) assessed for
various layers in the various hydro-zones defined for the MIA
Area
BBS area
Warburn area
Tharbogang area
Benerembah Central
Lockhart road
Dosseter's road
SE Benerembah
Hanwood West
Hanwood Horticulture
Yoogali Horticulture
Yenda Horticulture
Yenda North
Bilbul LAF
Widgelli
Kooba NW
Kooba South
Lake Wyangan

Area
5653
3745
3765
26319
3696
3532
3986
4015
4360
2559
4144
7028
8488
7835
5096
17364
5194

C0-6
1421
1259
1061
1067
1155
1213
885
917
531
630
635
1091
1038
1235
1105
1393
793

C6-9
1074
833
989
434
229
392
280
460
336
254
494
757
437
663
243
362
713

C0-9
C9-13.5 C6-13.5 C13.5-22.5 C9-22.5 C6-22.5
2495
1822
2896
4980
6802
7876
2092
1370
2203
2247
3617
4450
2050
1626
2615
3888
5514
6503
1501
907
1341
2461
3368
3802
1384
424
653
981
1405
1634
1605
497
889
1883
2380
2772
1165
421
701
1412
1833
2113
1377
972
1432
2841
3813
4273
867
827
1163
2176
3003
3339
884
754
1008
2338
3092
3346
1129
863
1357
1775
2638
3132
1848
1382
2139
3175
4557
5314
1475
876
1313
2089
2965
3402
1898
1094
1757
2245
3339
4002
1348
533
776
1772
2305
2548
1755
322
684
976
1298
1660
1506
1503
2216
4221
5724
6437

T6-9
3
1
0
2
3
3
7
3
4
2
2
0
0
0
4
3
1

T9-13.5
2
4
0
2
9
10
8
4
2
1
0
0
2
1
10
10
2

T6-13.5
5
5
0
5
12
13
15
7
6
2
2
0
2
1
14
13
3

T13.5-18 T18-22.5 T22.5-30
2
5
23
10
15
23
1
1
11
2
2
14
2
12
12
5
13
7
7
6
15
2
3
11
2
2
11
0
1
4
1
0
0
0
0
1
1
2
2
1
1
3
6
4
8
8
12
11
5
6
12

T18-30
28
38
12
16
24
19
20
14
12
5
0
1
4
4
13
23
19

Note: The values for Benerembah Central include Benerembah Middle and Warrawidgee.

The values in Table 2 reflect the discussion of Stratigraphical Model results (Part 2). The values are
in some instance somewhat distorted due to the presence of a few bores in an area with “outlier”
data.
For C average values from less than 300 days in horticultural areas to over 4,000 days in the Barren
Box Swamp areas are found. These values should be seen in the context of the thickness of the layer
they represent. The average T values range from less than 1 m2/day in some hydro-zones to over
twenty in some others. In the USF (9-13.5m) the range is from 0 – 10 m2/day. The values also fit in
with the criteria of Table 1 and should therefore show quite strong variation between the hydrozones as far as the six sustainability criteria are concerned.
Fortunately, rather than using averages for hydro-zones, it is possible to produce a spatially
distributed map of the six defined land categories. It is based on the criteria of Table 1 and the
information of Part 2 – the Stratigraphical Model. This is shown at Figure 1.
Figure 1 is believed to be a fair representation of the land suitability of lands in the Mirrool /
Benerembah area, without claiming it to be fully accurate. For instance, the category 5 soils in the
Warrawidgee area may be over-represented, and in some other areas the contours may be
inaccurate because the contouring is based on available bores, and there are gaps in that data set.
In the MIA in the past and possibly persisting into the present, there is high percolation from some
areas or crops leading to high groundwater levels, movement through aquifers and potential
harmful effects in other locations. Category 4, 5 and 6 type land for instance probably has been
used rice growing where probably it should not have been.
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Figure 1: Land Sustainability Map of the Mirrool Benerembah area, with categories as defined by
Table 6.
The outcome of this map is dependent on the assumption that groundwater levels across the
Mirrool / Benerembah area are generally high, within 1.5 metres from the surface. Under those
conditions the field considered or the adjacent areas may be subject to salting processes. These
conditions did actually occur during 2001 in most of Mirrool / Benerembah, except the southern part
of the Kooba area, south Benerembah and western Warrawidgee. So Map 1 should be viewed in
that context. In the few exception areas salting processes are unlikely as groundwater is deeper
(higher deep leakage). The receiving areas are to the south and west of the MIA and have not
suffered as a result. However, it is still contended that irrigation practices in the exception areas
should be adjusted to limit percolation loss.
In the high groundwater areas of Mirrool / Benerembah locations affected by salt to date have been
mostly road verges, creek lines and depressions, and the issue is only growing very slowly. Overall,
the MIA has been deemed to be a sustainable system by the Land and Water Management Plan.
Irrigation techniques have been improved. But further adjustments may be necessary.
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RICE LAND CLASSIFICATION
As was customary in the past, MIL is unlikely to use the word “suitability” when it comes to
approving rice land. More correctly would be the terminology; “where rice may be grown”, implying
that that approval may be withdrawn for land where for instance rice water use has been too high.
Rice growing is granted where the thickness and permeability of superficial clays is believed to be
sufficient to ensure low rates of water loss. Drilling is only to three metres, of which there needs to
be at least 2 metres of heavy to heavy medium clay, or 3 metres of medium clay. Thousands of
three metre holes have actually been drilled and textured and rice land suitability determined.
These sites are not part of the stratigraphical model of this report (10).
The criteria are meant to be effective in reducing rice water use in situations where the groundwater
level is relatively deep and the gradient for downward movement is greatest. The experience is that
the criteria have quite often not been sufficient to avoid high rice water percolation to the
groundwater system under these conditions. This was found after the re-commencement of rice
growing following the drought of 2002 to 2008. Hence it is reasonable to consider whether and how
modifications to the rice land classification system may be made.
Clearly the three metres criterion for drilling was chosen for practical reasons and it would be better
to consider a larger thickness of soil profile. The Stratigraphical Model opens up new opportunities
to examine the issue. The maps in Appendix 2 of Part 2 of this report (SM) are relevant, especially
the following;
MB C0-3m and Yanco C0-3m; for stratigraphy to 3 metres depth
MB C0-6m and Yanco C0-6m; for stratigraphy to 6 metres depth
MB C0-9m and Yanco C0-9m; for stratigraphy to 9 metres depth
These maps show the resistance to vertical flow (C) for layers to 3, 6 and 9 metres. It is found that
the variation across the landscape is considerable. The C-values are a summing up for all layers to
the depth specified and assumes the profile is saturated throughout. This creates another issue as
will be discussed.
It has already been noted that for instance for layers to 6 metres a C-value of 800 (days) may still
lead to a percolation of 7.5 mm/day if the gradient is unity, which occurs with a deep water table
below 6 metres. The corresponding values for the 3 metres profile is C = 400 (days) and for the 9
metres profile C = 1200 days would lead to similar percolation rates, assuming that the deeper layers
are draining freely (which they may not be).
When comparing the maps it is found that in some cases the uppermost layers provide most of the
restriction to flow, and in other cases the underlying deeper layers. On that score it is a clear
conclusion that the information to 3 metres is not always sufficient when determining “suitability”; it
is useful to consider the deeper layers as well.

10

The inclusion of these logged bore data could be considered.
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The SM may assist with the determination of land suitability. How exactly this can be best adopted
in practice is not discussed in this report, but it should not be too difficult.
When the groundwater is deep there is frequently very high rice water use. A value of 7.5 mm/day
may be considered excessive for such a high proportion of the Yanco, Mirrool and Benerembah
areas in which the C-value is less than 800 (days) – see Maps MB C0-6m and Yanco C0-6m of
Appendix 2 of Part 2. However there is another way of looking at this issue and that will be
discussed next.

Figure 2: Map showing minimum permeability found for the 0-7.5 metres below the surface for
Mirrool / Benerembah
When land having a deep water table is ponded, the restriction of the least permeable layer will
influence percolation the most. The observation; “You only need one inch of concrete to seal it!” is
applicable. The C-values gives a summed total for all layers and assumes saturated conditions.
However, if there is a B-horizon at 10-50 cm (for example) consisting of heavy clay with very low
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permeability, then it is probably the permeability of that layer that determine the actual rate of
percolation, and the more permeable layers below it are near irrelevant and possibly will remain
unsaturated as they will pass on the percolate easily. So perhaps the C0-3m, C0-6m, and C0-9m
maps are not fully relevant when considering deep water table conditions. It may be better to
construct a map showing the permeability of the least permeable layer as a reference for likely
percolation rates. Maps MB MinK and Yanco MinK below have been produced for this purpose.
These are shown at Figures 2 and 3.

Figure 3: Map showing minimum permeability found for the 0-7.5 metres below the surface for the
Yanco area
In the SM model Heavy Clay such as occurs frequently in B-horizons of Transitional Red Brown Earths
was given a hydraulic conductivity of 3 mm/day and Medium Clay a value of 6 mm/day. So these
values predominate on the above maps where at least one foot or 0.5 metres of such material was
found within 7.5 metres from the surface.
It is found that in most of the large area farm lands of the MIA there is presence of Medium Clay
controlling the percolation rate. Heavy Clay occurs over significant areas also but not everywhere.
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These maps are based on the limited information of the available deeper bore logs, and therefore
can’t compete with the more detailed rice drilling program for accuracy. It is a general impression
only.
Where there is no heavy clay and the thickness of medium clay is limited it is likely that a (too high)
percolation rate of 6 mm/day would prevail. The nominated values for hydraulic conductivity (HC –
3mm/day, MC – 6 mm/day) of course were quite arbitrary, even if the field average may be close to
the nominated value. There are cracks in the soil profile. There is likely to be a large variation in
hydraulic conductivity over short distances, either horizontally or vertically. Thin layers of heavier,
less permeable materials may occur within the clay matrix. The SM is quite incapable of capturing
these variations.
The response to all this possible variation is to require a larger thickness of medium clay or heavy
clay than the minimum (based on theory) to determine rice land suitability. The current
classification system requires two metres of MC in the top three metres. From the above discussion
it is now considered that a greater depth would produce a better safeguard. The SM allows
examination of the deeper layers in a general sense, and especially where high rice water use has
been an issue the extra information may help decide the re-classification of various parcels of land.

POTENTIAL SEEPAGE FROM RICE FIELDS - CROP COMPATIBILITY ISSUES
The above discussion focussed on rice classification based on percolation potential to a deep
groundwater level. When the groundwater level is closer to the surface, percolation decreases and
the land appears to be more “suitable”. However, these smaller accessions may still cause harm as
they may affect groundwater levels in areas adjacent to rice. If it is desired to grow other crops in
the adjacent areas, such as grapes or cotton, there is a risk that the growth of these crops is
affected. This is called the crop compatibility issue. Is it sensible to grow such crops side by side?
What are the criteria by which some separation rules may be developed?
The Rice Environmental Management policy has recognised this issue by using the 25% of rice
maximum rule or 60 hectares per farm, whichever is the larger (11). However, this set of rules is a
generalisation, without regard to the variation in stratigraphical conditions, which occur across the
landscape of the MIA. A closer look at several sub-districts would be useful.
The REM policy is based on the potential seepage from a rice field through the surface (clay) layers
to the first aquifer (Upper Shepparton Formation). This aquifer may convey groundwater to
adjacent fields or beyond where it will raise the groundwater levels and dissipate by capillary rise
and evapo- or transpiration. The rate of seepage depends on the head difference between the
ponded field and the adjacent field, the resistance to vertical flow C and the transmissivity,
described in a previous section.
Analytical models have been used successfully to describe the approximate rate of groundwater flow
underneath the boundary of a rice field. The description of such a model with development of
11

The 60 hectares criterion is not scientifically based and should be seen to be more a social equity rule as all
farmers want to grow rice.
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algorithms is at Appendix 2. In summary, the flow S0 (m2/day) beneath the boundary to the adjacent
area may be approximated by the formula:
S0 = H x T / (A1 + A2)

(3)

In which H is the total head available, T = transmissivity, and A1 and A2 factors related to the hydrogeological conditions, including T and C described above, or, A = SQRT (T x C) (m) (12). A1 relates to
the area beneath the rice field and A2 relates to the area adjacent. The values for C for these two
sides of the boundary are not the same as A2 is only for the saturated part of the profile between
the aquifer and the groundwater level.

Map 4: Mirrool / Benerembah: Nominal potential rice seepage per metre of perimeter (m2/day)

12

The dimension of A is metres, representing the distance over which the flow in the aquifer beyond the
-1
boundary diminishes to about 37% (e ).
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The key factors of course are available via the Stratigraphical Model in a spatial distributed fashion.
This allows a spatially distributed mapping of the rice seepage potential, to be discussed below.
There are several options to approach the assessment. A first approximation is to only consider the
clay layers and (USF) aquifers within 13.5 metres from the surface. This allows the use of the
spatially distributed information of the maps of Appendix 2 of PART 2 to produce maps of nominal
potential S0 values across the landscape based on the assumption that head H = 2 metre. S0 is
expressed as m2/day, or m3/day per metre of perimeter. It is to be noted that S0 does not include a
factor for wetting the profile early in the season hence is less than the total rice percolation for the
season.
Map 4 for Mirrool / Benerembah and Map 5 for the Yanco I.A. show S0 values assuming the depth to
the watertable is at 2 metres throughout.

Map 5: Yanco area: Nominal potential rice seepage per metre of perimeter (m2/day)
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The question to be addressed now is whether the assessed values on the maps are realistic. What
should be the criterion?
The pale yellow areas of maps 4 and 5 show a rate over 0.32 m3/day/metre perimeter. A typical 60
ha field has a perimeter of 3000 metres. This gives a total seepage of 120 ML/season of 120 days, or
2 ML/ha. The wetting early in the season has to be added, therefore including rice evapotranspiration the total rice water use may add up to 14-15 ML/ha in areas where the groundwater
depth is about 2 metres.
This rate of seepage does not come across to be a lot. Are the values of T and C under-estimated?
It is possible. On the other hand, rice water use of 15 ML/ha is not uncommon in high watertable
areas of the Kooba area (sandy coloured) and about 13 ML/ha is not uncommon around Bilbul (dark
green and blue areas). The question reduces to whether 2 Ml/ha of lateral rice seepage in a high
watertable area poses a risk in the non-rice area.
It needs to be realised that most of the seepage will dissipate within a short distance of the rice field
boundary. Appendix 2 provides equations. For instance, with C = 600 days and T = 25 m2/day the
upward flux at 100 metres may be about 0.7 mm/day. There is a decreasing effect with increasing
distance from the boundary, and the effect is not evenly spread over the non-rice areas. It also
depends on each of the values of T and C independently, a higher C or T value corresponding to a
longer distance for seepage flow. These distances vary significantly. On that basis it is difficult to
come up with a clear answer to the question.
Whilst the matter therefore requires further consideration, for the present it is considered that the
pale yellow areas are at risk of developing high groundwater levels, making them less suitable for
alternative crops. It is also considered that some of the sandy coloured areas 0.16 to 0.32 m3/m may
be at a marginal risk.
Rice water use records would show that some if not most of the sandy, pale yellow and yellow
coloured areas have had high rice water use in the past when groundwater level conditions deeper
than 2 metres occurred. It would therefore be expected they may also have the highest lateral
seepage rates.
The maps show lower seepage rates in the light green areas. These are considered much safer.
The blue and dark green areas would record very low rice seepage rates.
Based on this initial assessment the spatial variation may be considered. The areas south of Leeton
are of quite high permeability. Pockets of land in the Koonadan area and to the west towards
Tuckerbill Swamp and Calorofield and Kooba show higher permeability (13). Another arm runs
through the horticultural areas of Wamoon and Stanbridge towards Kooba. In the Mirrool area the
north obviously has mostly low rice seepage rates excepting the Hanwood horticultural area and
west of this locality. The higher potential seepage rates in Kooba extend into Benerembah, as
expected. The higher permeability in the Warrawidgee area may be an artefact of a too limited
13

Yet these areas may have shown fairly low rice water use as groundwater levels have been persistently high,
hence there is a low multiplier on S0 for these areas.
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dataset in that area (see Part 2 - Appendix 2). The layers deeper than 13.5 metres at Warrawidgee
however are of low permeability.
The above is based on a fixed assumed groundwater level at 2 metres from the surface, which is a
simplification. Groundwater levels vary across the MIA, and these affect the risk described. The
actual long term groundwater level conditions should be considered (14). Another factor which could
be considered is the range of aquifers in the model, for instance in layers to 18 metres instead of
13.5 metres. This creates two additional scenarios:
1. Consideration of all aquifers to 18 metres depth to calculate the potential S0 , together with
restricting layers to 13.5 metres. Groundwater levels in the adjacent areas are at 2 metres
depth.
2. As above but with inclusion of actual average watertable conditions as they existed from
1999 to 2001 (15). This period is prior to reductions in water availability due to drought and
other factors.
These two additional alternatives are presented in the form of maps at Appendix 3.
The results of these extra scenarios show higher rice seepage rates in the southern part of the MIA,
but in that area they are probably less of an issue as the extra seepage is less capable of raising
groundwater levels to undesirable levels in the adjacent areas.
From this analysis it therefore was not easy to come up with criteria to describe conditions which
correspond to crop incompatibility. However, there is confidence that the relative values of
potential seepage rates as presented are meaningful. It may be possible to develop and include
other criteria into the mapping based on LUSSM analysis to derive other sets of maps to more clearly
define crop incompatibility. Some of this work to define criteria would depend on anecdotal field
observations. On the other hand, perhaps the issue is so small that it is not worthy of further
attention.

14

During the drought the watertable dropped and had an average below 5.50 metres in 2009. It recent years
it has risen again sharply.
15
Typical long term average watertable conditions occurred during 1999 to 2001, when the average
September depth was 2.05 metres and 41% of the land had averages within two metres from the surface.
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PART 5 - APPENDIX 1: GROUNDWATER DEPTH MAPS
Water table conditions have been relatively stable for decades leading up to the end of 2001 when a
drought started to reduce irrigation water supplies for about 8 years. The shallow aquifer pressure
levels dropped from averages for September 1999, 2000 and 2001 of 2.05 metres to deeper than
5.50 metres by September 2009. Since that time they have risen again by more than a metre per
year as rice growing once again became dominant.
This report recognises that the irrigation scene has changed as water sales for environmental
purposes will have an impact. The new equilibrium however is not yet clear. For that reason the
1999 to 2001 watertable conditions are still used as a benchmark. Of course any watertable depth
scenario may be used for assessments of potential rice seepage rates as outlined in the main text.
Figure 1 and 2 show the maps for the Mirrool / Benerembah areas and the Yanco I.A.

Figure 1: Average dept to UAF groundwater Sept. 1999, Sept. 2000 and Sept. 2001 – Mirrool /
Benerembah
The watertable levels were about 1.5 metres from the surface in the northern parts of the Mirrool,
Benerembah and Yanco areas, but much deeper to the south. The average groundwater behaviour
since 2001 based on observed and predicted data (from the GBBM – PART 3) is shown at Figure 3.
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Figure 2: Average dept to UAF groundwater Sept. 1999, Sept. 2000 and Sept. 2001 – Yanco area
Observed versus Predicted Depth to Groundwater
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Figure 3: Observed versus Predicted (GBBM) average groundwater depth in the MIA.
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PART 5: APPENDIX 2: ONE-DIMENSIONAL ANALYTICAL MODEL TO ASSESS
GROUNDWATER FLOW FROM PONDED TO ADJACENT LAND
Introduction
Groundwater flow from a ponded area to adjacent land with an aquifer at some depth below a
restricting clay layer is approximately as outlined at Figure 1. The situation depicted is a stationary
condition. Because of the scales involved the flow through the clay is nearly vertical and the flow
through the aquifer is nearly horizontal. In the non-ponded area the watertable is at some depth
from the surface. In a steady state situation the upward flow from the aquifer will discharge by
capillary rise and evaporation, maintaining the watertable at an equilibrium depth below the surface
(16).
If it can be assumed that the watertable in the “dry” area is horizontal, then an analytical model first
developed by Mazure (17) exists to describe the horizontal and vertical flow at various distances from
the boundary between the two areas. Figure 1 is a schematic overview of that model. The basic
equations will be developed below for the benefit of the reader as the original reference is not very
accessible. The methodology gained acceptance in the Netherlands with the development of
“Zuiderzee” projects. Groundwater flow from the sea through aquifers is occurring to “polder” areas
where the watertable level is being maintained at a near horizontal level by sub-surface drains.

Ponded Field

Dry Area

q(x)

Hydraulic Head Aquifer
h(x)

H

Original watertable
q(x)

--->
A s(0)

-x < ------

x=0

New watertable

------ > s(x)

-------> +x

Figure 1: Schematic overview of conditions for flow from ponded to not ponded area
The conditions may be used for an approximation of the effect of rice on adjacent land, even though
the assumption regarding horizontal watertable levels in the adjacent land is only met very early in
the rice ponded season.
As shown at Figure 1 the upward groundwater flow from the aquifer to the watertable is under a
gradient determined by the difference in hydraulic head in the aquifer and the level of the
watertable. The elevation of the horizontal line represents watertable condition which occurs early
in the rice season, or if the ponded area did not exist. With a rice field there is upward flow and the
watertable will move up to some level between the horizontal level and the hydraulic head. This
16

In reality there will be changes over a season, to be discussed later.
Mazure, J.P. (1934); “Kwel en Chloor bezwaar in de Wieringermeer”. In: Report en Bulletin voor
Zuiderzeewerken, No 5 pp67-131, the Netherlands.
17
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allows an approximate assessment of the flow conditions (see equations below) but, to keep matters
simple for this report, that alternative will not be used in the examples (18).
The upward flow from the watertable is governed by capillary rise and evaporation. Close to the
ponded area the watertable would be higher and capillary rise may match the increase by increasing
its rate compared to further away. If this was the case the groundwater would remain horizontal.
However it is believed that is matching of the higher watertable level is not in fact significant.
Overall it must be assumed that the watertable will rise, affecting the hydraulic head at the
boundary by increasing it, therefore the rate of seepage from the ponded area will gradually
decrease.
Under the ponded area on the other hand the conditions of the model are being met much better
and the rate of seepage assessed by the model is estimated correctly. The only issue therefore is
that an estimate based on beginning of the ponded season conditions will be obtained, and that is
an over-estimate when applied to the whole season.
Basic Algorithms
It is assumed the flow is vertical through the clay beneath the ponded area, horizontal through the
aquifer and again vertical from the aquifer to the depth of the watertable. It is also assumed that
conditions extend to infinity in both directions and the aquifer and overlying clays are homogeneous
laterally. The distance x is negative towards the ponded side and positive to the non-ponded side.
Figure 1 shows the model conditions.
The rate of flow depends on the gradients of hydraulic head (H), the transmissivity (T) and the
resistance to vertical flow through the clay layers. (C1 and C2). The latter factor is not the same
beneath the ponded area compared to the not ponded area. The total head (H) is the head
difference between the level in the ponded area and the watertable depth at infinity.
The effect of rainfall and irrigation on watertable behaviour in the not ponded area is not
considered.
The watertable in the dry area is assumed to be horizontal (condition 1) or at the halfway level
between the horizontal and the hydraulic head in the aquifer (condition 2). The hydraulic head
varies approximately as indicated at Figure 1. The head difference causes percolation in the ponded
area and upward flow in the dry area. Differential equations may be developed to describe the flow.
The resistance to flow (C) may be calculated with
C = d1/k1 + d2/k2 + d3/k3 ......etc
In which d is the thickness of a layer, and k= hydraulic conductivity. Several clay layers with different
hydraulic conductivity may be involved above the aquifer.
Another factor used is:

A = SQRT (T * C)

18

The alternative was addressed for an assessment for the Wakool Irrigation District in 1988, in which a model
was developed to describe groundwater flow from evaporation areas to adjacent land. Reference: A. Van der
Lely (1988); “ Wakool Irrigation District – Subsurface models to assess groundwater flow from evaporation
areas” Resource Assessment Group, Murrumbidgee Region Technical Report 88/021
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The factor A may be compared to the leakage factor in groundwater hydraulics involving leaky
aquifers. A subscript 1 will be used for the part of the model that is ponded and the subscript 2 will
be used for the side that is not ponded. This gives C1 and C2, and A1 and A2.
Ponded Side
At distance x the flow in the aquifer equals:
s(x) = - T * dh/dx

(1)

The upward flow q(x) over increment dx is equal to :
q(x) * dx = ds = (H – h(x) ) / C1 * dx

(2)

Equations (1) and (2) combined give the second order differential equation:
d2h / dx2 = (h – H) / (T * C1) = (h – H) / A12

(3)

of which the solution is :

and:

(h – H) = R1 * e –x/A1 + R2 * e +x/A1
s(x) = R1 * T / A1 * e –x / A1 + R2 * T / A1 * e +x / A1

R1 and R2 must satisfy the boundary conditions :
X ------> - oo ; h = H
; R2 =0
X ------ > 0 ; h = h(0) ; R1 = H = h(0)
Hence:

(H – h(x)) = (H – h(0) * e +x/A1
q(x) = (H- h(0)) / C1 * e +x / A1
s (x) = ((H – h(0) * T / A1 * e +x/A1

(4)
(5)
(6)

Since x is negative the values for q and s decrease with increasing distance from the boundary.
Non Ponded Side
The distance x is positive towards the ponded side. Two conditions are considered, namely:
1) Horizontal watertable
2) Watertable at half the height of the hydraulic head (hx) above the initial watertable
Condition 1: Watertables assumed horizontal (early rice season situation)
A similar reasoning as for the ponded side gives:
h (x) = h (0) * e –x/A2
q (x) = h (0) / C2 * e –x/A2
s (x) = h(0) * T / A2 * e –x/A2

(7)
(8)
(9)

102

Private Research Report

Condition 2: Watertable height at half the hydraulic head (a reasonable assumption):
Equation (2) changes to:

q (x) * dx = ds = 0.5 * h(x) / C2 * dx

(10)

It is reasonable to assume a constant value for the factor C2 with increasing distance in the non
ponded side, since most of the restricting clay layers would be below the original horizontal
watertable condition.
Equation (1) does not change, therefore the second order differential equation becomes:
d2 h / dx2 = 0.5 h / A22 = h / (2 * A22) = h / (A2 * SQRT (2))2

(11)

The solution to this equation, with AA2 = A2 * SQRT (2) is :
h( x) = R1 * e –x/AA2 + R2 * e +x/AA2
and

(12)

s (x) = R1 * T / AA2 * e –x/AA2 + R2 * T / AA2 * e +x/AA2

(13)

The boundary conditions require:
x -------- > oo ; h = 0 ; R2 = 0
x --------- > 0 ; h = h (0) ; R1 = 0
giving:

h (x) = h (0) * e –x/AA2
q (x) = h (0) / C2 * e –x/AA2
s (x) = h (0) * T / AA2 * e –x/AA2

(14)
(15)
(16)

Ponded Side and Not Ponded Side together:
Assuming condition 2 for watertable depth, and the factors h (0) and s (0) are the same for both
sides:
Not Ponded Side s (0) = h (0) * T / AA2
(17)
Ponded Side
s (0) = T / A1 * (h – h(0))
(18)
This gives:

h (0) = H * AA2 / (A1 + AA2)
s (0) = H * T / (A1 + AA2)

(19)
(20)

The aquifer flow and the vertical flow can now be calculated. Depending on the value of A1 and A2
the values of q (x) and s(x) decrease rapidly with distance from the boundary. For T = 30 m2/day and
C = 500 days the values at just over 500 metres distance would be reduced to about 1% of the value
near the boundary. This is sufficiently low to consider the infinity condition met. With lower T and
the same C value the reduction with increasing distance is faster.
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Conclusion
A simple method to calculate approximate seepage rates beneath the boundary of rice fields is
available. Whilst the assumptions cause the solution to be not perfect, a tool is produced which
allows rapid assessment of potential relative seepage rates across the landscape provided spatially
distributed T and C values are available. This is the case for this report.
Potential rice seepage rates beneath the boundary are assessed for unit Head gradients. By
multiplying these rates with available spatially distributed watertable depths, the variation in actual
potential rice seepage rates may be mapped.
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PART 5 - APPENDIX 3: ALTERNATIVE MODEL RESULT MAPS
The S0 (potential seepage beneath a rice field boundary) maps of the main report are based on Cvalues (resistance to vertical flow) for layers to 9 metres and aquifer T- values (transmissivity) for
layers from 3 to 13.5 metres (19). The Head for groundwater flow contributing to S0 was chosen to
be 2 metres across the whole area, rather than the actual watertable depth for September 1999 to
2001 as per Appendix 1. The reason for this was to get a consistent representation of potential rice
seepage rates with all other factors being equal across the area.

Figure 1: Potential rice land seepage based on data C to 13.5 metres, T to 18 metres and Head = 2metres
(Mirrool / Benerembah)
19

Regarding the latter, where clay layers pre-dominate the T values will be small, as clay hardly contributes to
transmissivity.
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Figure 2: Potential rice land seepage based on data C to 13.5 metres, T to 18 metres and Head = 2 metres
(Yanco area)

Figure 1 and 2 show S0 values found for C-values to 13.5 metres depth and T-values for aquifers
down to 18 metres. The total Head for flow is assumed to be 2 metres across the district. This
corresponds to Scenario 1 as defined in Part 5 of the report.
These two maps show higher potential seepage rates than Figure 4 and 5 of the main report. The
difference is especially clear for the Yanco IA. It is caused by the higher transmissivity in the 13.5 to
18 metres aquifers, whilst the C-values between 9 and 13.5 metres do not contribute to the values
already derived for C 0-9 metres. However, for the Mirrool / Benerembah area including Kooba the
difference between the two maps is not large.
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The next alternative way based on Scenario 2 of the main report is by modifying the nominal
potential rice seepage by the average watertable conditions for September 1999 to 2001. Appendix
1 shows that watertable conditions to the north of the Mirrool and Yanco areas generally was less
than 2 metres deep but to the south some areas had watertable depths below 3 metres. Figure 3
and 4 are the result.

Figure 3: Potential rice land seepage based on data C to 13.5 metres, T to 18 metres and Head = Depth WT
1999-01 average (Mirrool / Benerembah)

Figures 3 and 4 may be compared to Figures 1 and 2 of this Appendix. In the Mirrool and
Benerembah area the result shown is not substantially different. The difference from Figure 4 in the
main report is also small. The layers between 13.5 and 18 metres do contribute a little but this is
compensated by higher C-values between 9 and 13.5 metres were needed to be added in the
equations for this result. Only in south west Benerembah and Warrawidgee there is a substantial
change due to deeper a watertable during 1999 to 2001.
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Figure 4: Potential rice land seepage based on data C to 13.5 metres, T to 18 metres and Head = Depth WT
1999-01 average (Yanco area)

For the Yanco IA the S0 seepage rates compared to Figure 2 are lower in the Koonadan and
Calorofield areas as the watertable was well within 2 metres during 1999-2001, but in the south the
S0 seepage rates are higher, as the watertable is deeper than 2 metres.

Conclusion
It is clear that more alternatives of potential rice seepage could be generated. These help with
formulating views about the compatibility between rice and other crops. It is also possible to
generate alternative maps showing land capability variation based on alternative sets of criteria in
the main report and entered into either SURFER or a GIS.

108

